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INTRODUCTION 

Th i s  I n t e r i m  P r o g r e s s  Report p r e s e n t s  a d i scuss ion  of work 

p e r f o r m a n c e  on Cont rac t  NAS 9-879  dur ing  the per iod  f r o m  27 M a r c h  1965 
to  31 May 1963. 

Since the F ina l  Repor t  has  been r e schedu led  fo r  submiss ion  or: 

August 15, 

in prev ious  r epor t ing  pe r iods  as or iginal ly  planned for  this  r epor t .  

Additional s tudy r e s u l t s  cove red  in the extended pe-riod have not been  

del ineated but a r e  impl ic i t  in work p e r f o r m e d  on  the p r e l i m i n a r y  des ign  

ana lys i s  p r e s e n t e d  h e r e .  

1963, no a t t empt  has  been m a d e  to  s u m m a r i z e  w o r k  p e r f o r m a n c e  

This  ana lys i s  i s  p e r f o r m e d  for the DSV to E a r t h  link using s imple  

quantum de tec t ion ,  s igce  th i s  is the de tec t ion  p r o c e s s  m o s t  compl t t e ly  

under  s tood,  and s ince  the effects  of a t m o s p h e r i c  turbule!?ce on cohe ren t  

(hc te rodyne)  r ecep t ion  c a s t  serious doubts  on its uti l i ty for  e a r t h - b a s e d  

rc:ceiver s y s t e m s .  

of s y s t e m  des ign  p a r a m e t e r s  are  d i scussed  e a r l y  in th i s  r e p o r t ,  a s f a r e  the 

cons idera t ions  for  s i t e  se lec t ion  to avoid the p rob lem of in t e r f e r ing  weather  

and cloud c o v e r ,  

T h e s e  effects  of a t m o s p h e r i c  tu rbulence  on the se lec t ion  

To s e r v e  as  a n  i l l u s t r a t ive  vehicle  fo r  des ign  a n a l y s i s ,  and s ince  

these  techniques appea r  to g!ve the m o s t  p r o m i s e  a t  this  junc ture  of the s tudy ,  

two d i f fe ren t  s y s t e m s  w e r e  chosen  !or ana lys i s .  

l a s e r  using P P M  and a continuous wave l a s e r  using PCM with polar iza t ion  

modulation. 

These  cons i s t  of a pulsed 

The  pulsed  l a s e r  chcscn  t o  d e s c r i b e  was an  e l ec t ro luminescen t  diode 

l a s e r  s ince  i t  a p p e a r s  to havc many of the a t t r i bu te s  r e q u i r e d  fo r  the P P M  

type of ope ra t ion ,  especiall!. t i le high pulse  repe t i t ion  f requency  and pu l se -  

con t ro l  capabi l i ty ,  but i t  should be crnphasized that  no c l a i m  of a s t rong  

ana ly t ica l  b a s i s  f o r  this  choice I S  made. 

th i s  device  wil l  have to  be studied fu r the r .  

l a s e r s  and t h e i r  r e su l t an t  ahll i ty to be co l l imated  to  the d e g r e e  indicated h e r e ,  as  

' 

The iAherent no ise  c h a r a c t e r i s t i c s  of 

The spa t i a l  cohe rence  of diode 
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well as the power,  repet i t ion frequency, operat ing f requency ,  and efficiency 

a s s u m e d ,  m u s t  be subjected to  fur ther  examination. 

The CUT operat ion d e s c r i b e d  h e r e i n  i s  a l s o  not without l imitat ion,  

espec ia l ly  in the amount of power required.  

s y s t e m s  depends s t rongly on the choice of an  equivalent set of s y s t e m  

p a r a m e t e r s ,  and s ince in attempting to provide this b a s i s ,  a c e r t a i n  amount  

of speculat ion had to  be r e s o r t e d  to, th i s  compar ison  should be taken as a 

m e a n s  of i l lus t ra t ing  the respec t ive  design difficult ies,  r a t h e r  than as  a 

definit ive endorsement  of a par t icu lar  s y s t e m .  

c l e a r l y  i l l u s t r a t e  the s t r o n g  bias  toward P P M  s y s t e m s  in a low noise  

envi ronment ;  as the noise  i n c r e a s e s ,  the P C M  s y s t e m  v e r y  l ikely t a k e s  

precedence .  

s y s t e m  select ion.  

for  var ious  physical  s y s t e m s  using different types of modulation and coding 

m u s t  b e  examined in g r e a t e r  detail .  

as  wel l  as incoherent  (quantum counters )  s y s t e m s .  

A valid c o m p a r i s o n  of the two 

The s y s t e m s  d e s c r i b e d  

. 

The s y s t e m  noise  thus plays a significant r o l e  in the opt imum 

The s o u r c e s  of noise and i t s  effect  on s y s t e m  p e r f o r m a n c e  

T h i s  m u s t  be p e r f o r m e d  for  coherent  

In this  m a n n e r ,  additional s teps  toward the es tab l i shment  of opt imal  

deep  space  communicat ion s y s t e m  can be taken so  that in the next r e p o r t  

phase ,  fur ther  nar rowing  of t h e s e  differences can  be es tab l i shed .  

NASA Deep Space Optical  
Communicat ions Study 

iv 



1 . 0  SYSTEM DESIGN EXAMPLE 

The c u r r e n t  s t a t e  of technology i s  such that the d i r e c t  s p a c e c r a f t -  

t o - e a r t h  link will  be m o r e  economical than the links u s i n g  interrr;cd;-;:c 

s ta t ions on an  e a r t h  sa te l l i t e  cr on the moon 

potentiaiiy have capabiii ty for  very  high periorriiarice L e c a i s e  i i i u y  a r e  iioi 

l imited by the a t m o s p h e r e ,  i t  i s  difficult a t  p r e s e n t  to  decide if  they will  

have any p r a c t i c a l  (economic)  advantage. 

sa te l l i t es  and moon b a s e s  will  be constructed,  and then deep-space  communi  

cation could readi ly  be a secondary use  for  te lescopes  needed a t  such 

locations for  var ious  scient i f ic  studies.  Since t h e r e  i s  l i t t le  data  for I : S ~  in 

solving design p r o b l e m s  of l a r g e ,  mult iple-use te lescopes  in  such  s y s t e m s ,  

and s ince  the p r o b l e m s  of m o s t  c r i t i ca l  impor tance  a r e ' t h o s e  re la t ing  to  the 

Even though such s ta t ions 

Probably l a r g e  manned scient i f ic  

deep  s p a c e  vehicle  i t se l f ,  the present  design example  i s  r e s t r i c t e d  to  the 

d i r e c t  DS V-  e a r  th link. 

The s y s t e m  t o  be d e s c r i b e d  is based on var ious  reasonable  extensions 

of p r e s e n t  technology; the s y s t e m  does not depend for  i ts  development  on the 

validity of a l l  these  extrapolat ions,  s ince  a l t e r n a t i v e s  p r e s e n t  t h e m s e l v e s  a t  all 

points. The purpose  is  to  convey an i m p r e s s i o n  of the p e r f o r m a n c e  and 

opera t ing  c h a r a c t e r i s t i c s  of a s y s t e m  which could be developed to f ly  by 

approximate ly  1970. 

1. 1 SYSTEM CONFIGURATION 

The  g e n e r a l  description of the s y s t e m  given i n  this  sec t ion  will  be 

followed by a m o r e  detai led discussion of var ious  f a c t o r s  cons idered  in the 

des ign ,  and finally by a detai led discussion of the design example.  

The bas ic  t a s k  assigned the s y s t e m  f o r  the p r e s e n t  d i s c u s s i o n  is 

t r a n s m i s s i o n  of a s tandard  television p ic ture .  

could be encoded with the p ic ture  by using the dead- t ime a t  the erid of e a c h  

s c a n  l ine.  

i n t e r f e r e n c e  with the p ic ture  t r a n s m i s s i o n  need occur  even  if m o s t  of the dead-  

t ime i s  given over  to such  t r a n s m i s s i o n ;  however ,  probably only seve ra l  

Voice and t e l e m e t r y  c h a n n e l s  

Since s t a n d a r d  television sync c i r c u i t s  need not be employed, no 

1 
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kcps of s ignal  bandwidth is needed f o r  such voice and t e l e m e t r y ,  and one 

sample  p z r  television s c a n  line would then be adequate a t  a s tandard  r a t e  

of 15 ,  750  l ines p e r  f r a m e .  

I 

F i g u r e  1 shows the genera l  form of the s y s t e m .  The l a s e r  t r a n s m i t t e r  

in the d e e p - s p a c e  vehicle  is modulated by the te levis ion s ignal  and sync 

s ignals  to  provide the s ignal  detected by the r e c e i v e r  a t  the e a r t h  s ta t ion,  

which m u s t  then decode the t ransmiss ion .  

v ~ i c e  cl.anne! Iln t~ the depp-cpacp srehic!e fer  givinu instruct ions and also to 

a c t  as a t racking  beacon. 

highly d i rec t iona l  t r a n s m i t t e d  beams m a y  be s u r e  of reaching the intended 

r e c e i v e r .  The functions of each  station thus include input,  output, s ignal  

process ing ,  t ransmi t t ing ,  receiving, and t racking.  

The e a r t h  s ta t ion t r a n s m i t s  a 

-r b - - -  
E a c h  station m u s t  t r a c k  the other  so that the 

1 . 2  EARTH-BASED STATIONS 

1. 2. 1 Locat ion 

Two o r  t h r e e  a i r b o r n e  stations taking t u r n s  flying high-alt i tude 

c i r c u m p o l a r  c o u r s e s  could maintain continuous communication without 

i n t e r f e r e n c e  f r o m  cloud cover .  However,  the c o s t  of construct ing and 

maintaining such s y s t e m s  would be prohibit ive.  

cons t ruc t  s e v e r  a1 ground -based s ta t ions . 
It is m o r e  economical  to  

The Handbook of Geophysics '  r e p r o d u c e s  a Weather  B u r e a u  m a p  

( F i g u r e  2)  giving the annual h o u r s  of sunshine over  the world.  

a f te rnoon thundershowers  and night fogs ,  which a r e  c o r r e l a t e d  with the 

posit ion of the sun,  any other  object in the s o l a r  s y s t e m  would be observable  

f o r  a n  equal  per iod  of time e a c h  year .  However ,  i t  is  undes i rab le  t o  work 

n e a r  the  hor izon  with a p r e c i s i o n  optical sys tem.  

adapted,  conservat ively a s s u m i n g  the sun  to  be equally likely to  be obscured  

by clouds at any t ime when it  i s  above the horizon,  so  that  they r e f l e c t  the 

probabi l i ty  the s p a c e c r a f t  should be observable  when it  i s  above 20° f r o m  the 

horizon.  Lati tude e f f e c t s  w e r e  considered in calculating the s p a c e c r a f t  , 

longitudes for  which it would be above 20° for  e a c h  s i t e ,  a s s u m i n g  the ASV 

Except  for  

The  d a t a  have t h e r e f o r e  been 

~~ ~~~ 

I. "Handbood of Geophysics for  Air F o r c e  Des igners" ,  Geophysics  R e s e a r c h  
D i r e c t o r a t e ,  Ai r  F o r c e  Cambridge R e s e a r c h  C e n t e r ,  Ai r  R e s e a r c h  and 
Development Command,  United S ta tes  Ai r  F o r c e ,  First Edition, 1957. 
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is a t  the ce les t ia l  equator .  Data for eight s i t e s  a r e  presented  in Table  I and 

F i g u r e  3. Site No. 1 (Hawaii) may be b e t t e r  than indicated,  because the lee 

s ide of the is land of Hawaii contains a v e r y  localized d e s e r t  reg ion ,  which 

may not be r e p r e s e n t e d  at i ts  b e s t  on a world map. 

TABLE I. 

Annual Hr s.  Probabi l i ty  Longitude 
Site No. Longitude Latitude of Sunshine of C l e a r  View Coverage 

19O N 

32O N 

23O S 

2 8 O  S 

210 s 
31O N 

44O N 

200 s 

156' W 

116O W 

69O W 

16' E 

25O E 

680 E 

116' E 

113' E 

2800 

4000 

3800 

3600 

4000 

3400 

2800 

3200 

0. 64 

0. 9 2  

0. 87 

0. 82 

0. 92 

0. 78 

0. 64 

0 .73  

t 69O 

t 660 

t 68O 

- t 68O 

t 69O 

t 66O 

t 62O 

- 

- 

- 

- 

- 

- 
t 69O - 

The lowest o v e r - a l l  probability of s y s t e m  operat ion due to the weather  

The probabi l i ty  i s  then o c c u r s  when only s i t e s  seven and eight a re 'ava i lab le .  

0. 903. However ,  this  o c c u r s  only for four d e g r e e s  of longitude, and only i f  

the a r b i t r a r y  20 elevation l imit  is  held f i rm.  The next lowest o c c u r s  when 

s i te  one is  a l s o  u s e d ;  the probability i s  thereby  r a i s e d  to  0. 965. 

for  a l l  longitudes is 0. 986. 
weather  for  the s y s t e m .  

0 

The a v e r a g e  

This  is what one might  call the re l iabi l i ty  of 

1. 2. 2 Rece iver  ODtical Instrumentation 

Each s ta t ion on the e a r t h  would contain a l a r g e  a s t r o n o m i c a l  te lescope 

as i ts  p r i m a r y  equipment.  

design t o  run  cool during the day to prevent  the o c c u r r e n c e  of r i s i n g  a i r  

c u r r e n t s  f r o m  sunl i t  wal ls ;  hence the m a j o r  s o u r c e  of image d is turbances  in 

dayt ime opera t ion  would be eliminated. 

be known until  the l a r g e  solar te lescope a t  Kitt  P e a k  is  placed in operat ion.  

This  te lescope would be housed in an  o b s e r v a t o r y  

J u s t  how effective this  c a n  be will  not 

4 
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Like that  te lescope  and other  so la r  te lescopes ,  this  te lescope would need t o  be 

located high above the ground level to r e d u c e  d is turbances  produced by 

turbulent ,  heated air r i s i n g  f r o m  the ground. 

the dayt ime v a r i e s  approximately'  as the cube root  of the height above the 

ground; as air r i s e s  f r o m  the ground i t  is mixed and becomes  m o r e  homogeneous.  

The  optical  quality of air during 

Even i f  i t  w e r e  n e c e s s a r y  to r e d u c e  cos t  by accepting l e s s  than 

a s t r o n o m i c a l  quali ty in the te lescopes ,  they s t i l l  could be u s e d  for  many 

secondary  o r  subsequent scient i f ic  s tudies .  Thei r  construct ion should make 

t h e m  d e s i r a b l e  for u s e  as s o l a r  te lescopes ,  although they m a y  have to  be 

modified to  d iss ipa te  the s o l a r  energy internal ly .  

in d e s e r t  reg ions  , a t m o s p h e r i c  c lar i ty  for  i n f r a r e d  observat ions should be 

good. S te l la r  and p lane tary  observat ions throughout the i n f r a r e d  s p e c t r u m  

a r e  hard ly  begun. 

understood when they a r e  studied over a l a r g e r  s p e c t r a l  range. 

scient i f ic  work  could be done,  and other c o m m u n i c a t i o n  channels handled, such  

as da ta  f r o m  monitor  sa te l l i t es  (e, g . ,  a synchronous meteoro logica l  sa te l l i t e )  

o r  moon b a s e s .  

the e a r t h  end of a single communication link. 

Since they will be located 

Variable  s tars  and o ther  unique objects  m a y  be m u c h  be t te r  

Much other  

T h e s e  l a r g e  te lescopes t h e r e f o r e  r e p r e s e n t  m o r e  than m e r e l y  

An impor tan t  l imitat ion of the e a r t h - b a s e d  s y s t e m  i s  that  heterodyne 

recept ion  i s  i m p r a c t i c a l  for  l a r g e  r e c e i v e r  te lescope a p e r t u r e s  because  of 

r a n d o m  phase  d i f fe rences  among the light wave f ronts  in var ious  p a r t s  of the 

te lescope  a p e r t u r e  due to a tmospher ic  turbulence.  Heterodyne recept ion  

depends upon phase coherence  between the local  osc i l la tor  and the s igna l ,  and i t  

would be quite i m p r a c t i c a l  to compensate  for a multi tude of different  phases  

a c r o s s  the a p e r t u r e .  Unlike a s imple power d e t e c t o r ,  the heterodyne s y s t e m  

would conver t  a s teady s igna l  into a much weaker  and nois ie r  s ignal  because 

the voltage diie t o  var ious  port ions of the  wave f ront  would add and s u b s t r a c t  

randomly.  

a low-signal-level technique because both theore t ica l  and p r a c t i c a l  poss ib i l i t i es  

of genera t ing  the n e c e s s a r y  constant-ampli tude local osc i l la tor  s igna ls  a r e  

unknown. 

2,  V. I, T a t a r s k i ,  "Wave Propagation in a Turbulent  Medium", . t rans la ted  by 
R. A. S i l v e r m a n  (McGraw-Hill  Book Company, Inc . ,  New York,  1961). 

Even for  un i form wave f ronts  heterodyne recept ion  i s  unproven as  

The  main  r e a s o n  heterodyne recept ion  is  d e s i r a b l e  i s  t h a t  it should 

6 



p e r m i t  na r  row -band, photon - noi s e - limilt: d ope r a t  ion vi ~t h s o l id - s t a t e  de  te c t o r  s . 
These  de t ec to r s  have a higher  quantum pif i i - icncy than photoemissive su r faces ,  

and hence the r equ i r ed  s ignal  power might 5 e  substant ia l ly  reduced ,  espec ia l ly  

for  i n f r a r e d  wavelengths.  

in the vis ible  region of the spec t rxm i s  presiimed. 

the quantum efficiency of the t r i -a lkal i  photosurface i s  3. 05 and that of a s i l i con  

photodiode i s  approximately 0. 5. Of coLrse ,  d i r ec t  ~ l s e  of the silict.in diode i s  

prohibi ted by i t s  in te rna l  no ise ,  which for tunately in heterodyning does not mix 

To offset this  r!i.fit:iency af  t'-ie phototubes,  opera t ion  
0 

A t  a wavelength of 6300 A, 

- with the loca l  osc i l la tor  f requency to appear  amplii ied in the output because . i t  

is negligible a t  the r equ i r ed  optical  frequency. 

t o  extend f u r t h e r  into the visible regioil.p w h e r e  photosurtace quafiturn efficiency 

i n c r e a s e s  up to 0. 3 ;  a l r eady  the R-aman effect  and mixing i n  nofi thear  d i e l ec t r i c s  

have m a d e  the  whole region,  ever, into the ul t raviolet ,  avai lable  for high- 

intensi ty  pulsed opera t ion  + 

L a s e r  technol.ogy i s  expected 

3 

1. 2.3 Effects  of Atmospher ic  Turbulence 

Atmospher ic  turbulence i s  t roublesome since i t  causes  not only angular  

b lu r r ing  and quiver ing but also fluctuations in  the signal level  ( a s  in s t e l l a r  

scint i l la t ion)  aRd hence causes  the s ignals  to fade. 

of such  fading is es t ima ted  for  var ious conditions. 

In this  sect ion,  the magnitude 

. 

At an  ea r th -based  s ta t ion,  there  i s  a fundamental  difference between 

the fluctuations in sigfia! level  during t r a n s m i s s i o n  and those during recept ion.  

During recept ion ,  although diffraction a t  the spacec ra f t  s p r e a d s  the  b e a m  over  

a l a r g e  port ion of the e a r t h ,  a l l  the energy  incident on the r e c e i v e r  a p e r t u r e  

can  be detected i f  a sufficiently la rge  field stop (de tec tor )  is used ,  

dur ing  t r ansmiss ion ,  only tha t  portion of the b e a m  that  leaves  the a tmosphe re  

in the d i rec t ion  of the spacec ra f t  i s  used,  

of the beam dur ing  passage  through the a tmosphe re ,  but angular  o r  phase  

d i s tu rbances  a r e  c rea t ed  because  t h e  plane wave front  has  been d i s t o r t e d .  

d , is turbances will  r e su l t  in a l a rge  spreading of the b e a m  af te r  subsequent  

propagation. A.ngular d ivergence  h e r e ,  perhaps  not y e t  affectifig b e a m  d iame te r  

because  of the la rgz  init ial  di : l tnytc:r ,  w i l l  u l t imately be the de te rmining  fac tor  

3, P. M. Maker ,  "Nonlinear Optical Phenomend",  iit- ::,~rited M a y  1 i ;  1063 in 
UGLA Engineering Ex tens ion  shor t  c o u r s e  Quar.tum Elec t ronic-s ;  to  be 
published in book form by McGraw-Hi l l  Book Company, Inc . ,  edited by 
M. L, Sti tch.  

However,  

T h e r e  is only a s l ight  spreading  

These  



I 

in beamspread .  
in the near - f ie ld  reg ion  of the t r a n s m i t t e r ,  

could be located above the a tmosphere  and a r r a n g e d  to  de tec t  the energy  pass ing  

through an  ex t r eme ly  s m a l l  f ield stop, This  l a rge  col lector  would be equivalent 

to the spacec ra f t ,  for  the s m a l l  field s top  r e p r e s e n t s  the s m a l l  a p e r t u r e  of the 

spacec ra f t ,  The bas ic  d i f fe rence  between t r a n s m i s s i o n  and recept ion  c a n  be 

s u m m a r i z e d  as follows: In t r ansmiss ion ,  cumulat ive phase  fluctuations (which 

cause  angular  d ive rgences )  a r e  important ;  however ,  in recept ion ,  only the 

cumulat ive ampli tude fluctuations (produced by phase fluctuations n e a r  the top 

In antenna phraseology, the top of the a tmosphe re  i s  s t i l l  
A l a rge  te lescopic  col lector  

of the a t m o s p h e r e )  a re  significant.  

a r e  much  s m a l l e r  than those  during t r a n s m i s s i o n ,  they will  be ca lcu la ted  

Although the fluctuations during recept ion  

f i r s t  because  the appropr i a t e  theory i s  m o r e  complete .  
The study c a r r i e d  out by Tatarsk i  2 y ie lds  a useful  phenomenological 

equation 

a p e r a t u r e  d i a m e t e r  D ,  much  g rea t e r  than 10 ( s e c  0)1 '2  c m  

[ T a t a r s k i  Eqs. (13. 32) and (13. 54) 1 that  i s  valid for  values  of 

J 

where  P i s  the flux incident on a te lescope a p e r t u r e  having a d i ame te r  D a t  

a zeni th  angle 0; P i s  the logari thmic t i m e  ave rage  of P, i. e . ,  
0 

logePo = 1; and a2 i s  an  empi r i ca l  constant .  The value of a 2 m a y  be Oge 
de te rmined  empir ica l ly .  A log-normal  d is t r ibu t ion  i s  agsumed,  even though 

it i s  known that  fo r  l a rge  values  of D,  the superpos i t ion  of d i s t r ibu t ions  f r o m  

uncor re l a t ed  a r e a s  of the a p e r t u r e  tends to  produce a Gauss i an  dis t r ibut ion.  

F o r  small fluctuations, the difference is unimpor tan t ,  and when much 

superpos i t ion  o c c u r s ,  the fluctuations tend to  become sma l l .  
4 T a t a r s k i  (p. 237) c i t e s  scinti l lat ion da ta  taken at the P e r k i n s  Obse rva to ry  . 

The value of 

4. W. M. P r o t h e r o e ,  "P re l imina ry  Repor t  on S te l la r  Scinti l lat ion",  Contrib.  
P e r k i n s  Obse rv .  Se r .  2 ,  No. 4,  127 (1955).  
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In t r a n s m i s s i o n ,  the f i r s t  quest.lor, oi impcr t ance  IS the  d e g r e e  to  which 

a tmosphe r i c  tu rbulence  s p r e a d s  a beam of er-,ergy. 

s i t e  se lec t ion  p r o g r a m  for the Ki2t  Feak I';aric:nal Observa tory '  ind ica te  tha t  

7 0  pe rcen t  of the l ight f r o m  a star fal ls  wlthir. a 1 0 - p r a d  field s top  for  95  
p e r c e n t  of the night t ime s e e i r g  condi t lcrs  a: ? h i s  location. 

dayt ime condi t icns  is a!rr,ost :m~cssiih!e k t l c . 2 ~ s e  t!ie d!ffe!:-.'-.Le ir! tbie amount 

of the incident  l.ight is p r i m a r i l y  caused by- tur'rruleslcc 12 thc  a i r  r e a r  the  

Data taken  dur ing  the 

Ext rdpola t ion  to 

te!escope, ...L:P,L w i i i c i ,  A uepciids --- 03 t h e  <ocstructlOii  t - ~ c h f i i ~ ~ ~ ~  ~ ~ 2 6 ,  c t c .  H c ~ v ~ e ~ v ~ e r ,  

not m o r e  than  a teF.f'old i n c r e a s e  ;r? Seam d i a m e t e r  due to  b lur  car, be expected 

if  the o b s e r v a t o r y  is based  on a careful. t h e r m a l  d e s i g n ,  

a l s o  e s t ab l i shes  the i ie ld-  s top di.d.mcter used  f o r  ?kc r e c  c i v c r ,  L+cd h c n c e  the  

day t ime  sky radiatior,  ir-cluded with the sigr!al 

This cons idera t ion  

A b l u r r e d  s t e l l a r  image  exh1t.lt-s a sh?ftiilz s t r u c t u r e  t h a t  i s  carised by 

in t e r f e rence  between r d y s  that  er-ter through d i t fe ren t  por t ions  of the a p e r t u r e .  

If a l a s e r  tha t  can  generat .e a plarle waT:E: :s  sed, the t r a n s m i t t e r  can projec t  

a s i m i l a r  image  out to the spacecra i t .  

s p a c e c r a f t  wil l  be s m a l l  cornpared with the s1.z:: of thc s t r u c ? u r e  o i  this  

project ion.  

d i s k s ,  the c o n t r a s t  in these  im-lges (:And 111 nc:c p e r c r n t  of mcdula t ion  a t  the 

s p a c e c r a f t )  is l e a s t  w h e r  the seeing ccndi t  ,0115 a r e  w o r s t ;  hence ,  the pe rcen t  

of modulation i s  l a r g e  only wher. the be n m  i c  n a r r o w  and i t s  intensi ty  is g rea t .  

Fading  of the s igna l  .is tht l re iore  r.ever a s  s o l - i o ~ s  as  would be pred ic t ed  f r o m  

an  ana lys i s  of conditions represeIltirig, .iimu!tmt:Gusly the lcwes t  s igna l  and 

h ighes t  modulat ioc,  

A? &:eat d;,stances, the r ece ive r  of the 

J u s t  as +he a v e r a g e  coritrast  ir. F r e s n e l  d i f f rac t ion  is l e s s  fo r  l a r g e  

Unfortunately,  the da ta  need<,d to acc-u ra te ly  p r e d i c t  the modulation due 

to this c a u s e  are not a-Jailable. However ,  in view of the  ease  of supplying ~ 

power and  the compara t ive ly  low r;lte o f  d,i+.-i t r a n s m i s s i o n ,  to p reven t  fading 

c a u s e d  by a t m o s p h e r i c  tu rbulence  1: should be s imple  to  t r a n s m i t  s igna ls  

tha t  a r e  t en  t i m e s  s t r o p g e r  than would ot.hi::wise be needed.  

1. 2. 4 T r a n s m i t t e r  0pt:cal I ~ , s t r u m c ~ r t d t : o ~  

The t r a n s m i t t e r ,  optics will be  smal!er than those  of the r e c e i v e r .  

5. A . B. Meinel "Astr onnm-ica! Sc.c. l r g  ax-d Obse-va tory  S i tc  Select ion",  in 
T e l e s c o p e s .  ed.  by G. P, Kuipe r  and B M h4:ddlehurs.t (Univers i ty  of 
Chicago  Pyess e Chicago,  1960). 



was found t o  be 0. 0096 in winter and 0. 0064 in s u m m e r  for  an  a p e r t u r e  having 

a d i a m e t e r  of 12. 5 inches and presumably  for s m a l l  values  of 9. 

Hence,  w e  take 
713 a' = 0 . 0 0 9 6  (12.5) 

7 I3  a' = 3 . 5  inch . 
T h e r e f o r e ,  

where  D is e x p r e s s e d  in inches.  

T h e s e  da ta  w e r e  obtained at night. Daytime conditions a r e  s i m i l a r  

to those  a t  night for  scint i l la t ions observed with l a r g e - a p e r t u r e  t e l e s c o p e s ,  

although image motion and blur  a r e  much w o r s e  dur ing  the day. 

no data  a r e  avai lable ,  it is probably safe to assume that  a2 is equal t o  10 for  

dayt ime conditions. 

Although 

F o r  a dayt ime observa t ion  at a zenith angle of 60° with a 120-inch 

te lescope ,  we have 

- 3  
= 1.72 x 10 

( P / P O ) r r n s  'Z' 1.03, 0. 97 

1.11, 0 1 9 0  , 

T h e r e f o r e ,  the scint i l la t ion is not se r ious  for  such  a r e c e i v e r ;  i f  the s ignal  

i s  m a d e  1.11 t i m e s  s t r o n g e r ,  portions of a m e s s a g e  will s e l d o m  be m i s s e d  on 

account  of fading. 

1 k c ) ,  the t r a n s m i s s i o n  of a shor t -dura t ion  pulses  i s  unaffected by the 

a t m o s p h e r i c  modulation of s teady s ignals ,  such  as  sunlight re f lec ted  f r o m  the 

s p a c e c r a f t ,  except  in that  the shot  noise due to  this  background i s  not constant.  

Since the fluctuations occur  a t  low f requencies  ( l e s s  than 

10 



A six-inch a p e r t u r e  would be adequate to col l imate  m o s t  l a s e r  oktputs t o  much 

be t te r  than the 0. 1 m r a d  beam diameter  expected for s e v e r e  (dayt ime)  

a tmospher ic  turbulence, ,  

good a t m o s p h e r i c  conditions,  but, more  impor tan t  is the fact  that qver  a 

l a r g e  a p e r t u r e  the Lmage mcticn effects  :ivt::age nut to  a s imple  iilur, 

averaging ef iec t  cap be ot.t.a!ned by n s i ~  g mu!tiple aper?ur  t ' s .  

optical  instrumer\ ta t ton could well  consis t  of one l a se r  divided . J m o n g  s e v e r a l  

This better coll imation is w o r t h  while ior  u se  LJI 

Xncther 

Thc: ::a*? I I mi tte r 

c ~ ! ! i p a ~ t ~ r s o  P e r h a p s  f o u r  s i x - i r - ~ h  re f rac t i f ig  t e l r  j ~ ~ p c , ~  il-joiii-iied j i i  a square  

configuration about the tube oi the compardt ively la rge  r e c e i v e r  te lescope  

would be the b e s t  a r r a n g e r A e ? t .  

1. 2. 5 Function of the Statio: 

E a c h  e3rt .h-hased statior, i.s to bc: capable of independentlv est,;trlishing 
__ 

commur.ication with the DSV, g:ven r ectn:  e p h e m e r i s  data  i o r  the t e h i c  le. 

After  the vehicle i s  a few m i l l i o ~  miles  f r o m  the  e a r t h  it's angular  pos i t ton  

aga ins t  the s t a r s  can  be a c c c r a t e l y  predicted days ir!. advance. 

another  planet i+s o r b i t  will  be dis turbed,  but even then the, t r a j e c t o r y  c a n  be 

a c c u r a t e l y  de te rmined  becaEse observat ions f r o m  the vehicle i tself  a r e  

avai lable  t o  a id  in de te rmining  the orbit ,  

in pointing a t  the invis ible  DSV to wi?,hin a f e w  seconds of a r c ,  

adequate  for poixting a t7ansmi t te r  with a beamwidth of 0. d m r a d .  

A s  i t  approac.iles 

Consequently,  no difficulty i s  expected 

This  i s  quite 

One mode of operat ion would be for the r e c e i v e r  in the DSV t o  be s imply , 

t rack ing  the e a r t h ,  p e r h a p s  scanning over  the s u r f a c e  in a s y s t e m a t i c  manner .  

It could then lock onto the beacor, formed by the t r a n s m i t t e r  on the e a r t h ,  and 

the DSV could then begin t ransmit t ing.  

come up the beacon channel f r o m  the e a r t h ,  and the t r a c k e r  a t  the e a r t h  

station may be locked onto the DSV t r a n s m i t t e r ,  

respons ib i l i ty  for  init iating communication because  the DSV cannot readi ly  

d e t e r m i n e  which e a r t h  s ta t ion i s  in the m o s t  favcrable  posit ion,  consider ing 

c loudiness ,  t i m e  of day,  a tmospher ic  turbulence,  ,e tc .  If s e v e r a l  e a r t h  

beacons w e r e  p r e s e n t e d ,  the i r  dif ierences in mtens i ty  might be  due to s l ight  

d i f fe rences  in  a l ignment  a n d / o r  coll imation, and hence such  d i f fe rences  would 

hot be significant.  However ,  m e a s u r e m e n t s  of r e f c r e n c e  s t a r s  p e r f o r m e d  at 

Meanwhile,* voice commands  would 

The e a r t h  st.ation i s  given 

the e a r t h  s ta t ions could readi ly  provide a b a s i s  for  de te rmining  which of the 



s ta t ions  would be b e s t  to  u s e  a t  the moment.  E v e r y  fac tor  except  scint i l la t ion 

of the beacon i tself  could be evaluated in this  m a n n e r ;  such  scint i l la t ion would 
. only  he approximated  by observa t ions  of fluctuations in  the cen te r  of 

magnif ied s t e l l a r  images .  

The e a r t h  s ta t ion  would provide the da t a  fo r  bores ight ing  and focusing 

thtl DSV t r a n s m i t t e r  and t r a c k e r - r e c e i v e r  combinat ion,  including lead-angle  

c o r r e c t i o n  for  the a b e r r a t i o n  of light. T o  provide  the da t a  for  t h i s ,  the DSV 

would wobble the t r a n s m i t t e r  b e a m  about the t r a c k e r  ax i s  in a p rede te rmined  

rose t te  o r  s p i r a l  pa t t e rn ,  and the ea r th  s ta t ion l v o u l d  r e c o r d  the r ece ived  

s ignal .  A tmospher i c  scint i l la t ion would i n t e r f e r e  with th i s  opera t ion ,  but i f  

the wobble s c a n  w e r e  suff ic ient ly  redundant sc in t i l l a t ion  could be ave raged  out 

and the t r u e  b e a m  condition could be de t e rmined .  

of th i s  da t a  the e a r t h  s ta t ion  would be able  t o  d i r e c t  the DSV to make any 

n e c e s s a r y  bo res igh t  ad jus tmen t s ,  and a l s o  r e p o r t  on the b e a m  d i a m e t e r  t o  

ver i fy  focus o r  indicate  focus e r r o r .  

only infrequent ly .  

would not be n e c e s s a r y  to  do th i s  m o r e  than once  dur ing  the f r e e  fl ight of the 

DSV, although the ver i f ica t ion  which i t  p rovides  might  m a k e  i t  d e s i r a b l e  as a 

weekly rout ine.  

As  a r e s u l t  of the ana lys i s  

This  p r o c e d u r e  would be n e c e s s a r y  

If the lead angle w e r e  computed f r o m  o rb i t a l  da t a ,  i t  

The conditions of recept ion  of the s igna l  m u s t  be opt imized by ad jus t -  

men t  of focus and field s top  d i ame te r  so  tha t  the s igna l  is  maximized  while 

the background rad ia t ion  noise  (daytime sky  o r  plar ,e tary background)  i s  

min imized ,  thereby  providing the most faithful and c l e a r  recept ion .  E lec t ron ic  

ga ins  and nonl inear  opera t ions  on the s igna l  m u s t  be control led.  

th i s  could be done au tomat ica l ly ,  but the n e c e s s a r y  c r i t e r i a  a r e  not yet  

es tab l i shed .  

i t  i s  needed  will d e t e r m i n e  some of the imp0rtar. t  spec i f ica t ions  of the s y s t e m .  

Many ad jus tmen t s  wi l l  probably be made manual ly  while viewing the p i c tu re .  

It is the  respons ib i l i ty  of the e a r t h  s ta t ion not  only t o  opt imize  the s igna l  for 

r e c o r d i n g  a n d / o r  r e t r a n s m i s s i o n  to o ther  e a r t h  s ta t ions  but a l s o  to notify 

the DSV of any def ic ienc ies  in the  t r a n s m i s s i o n ,  s u c h  as excess ive  clipping 

o r  f a i lu re  to  u s e  the fu l l  dynamic range of the channel ,  i r r e g u l a r i t i e s  i n  

f r equency  cont ro l  o r  synchron i sm,  or  i r r e g u l a r i t i e s  in the t e l e m e t e r e d  da ta  

i tself .  Although a l l  t h e s e  functions could be c a r r i e d  out in the DSV, the e a r t h  

Much of 

The  type of p i c tu re  to  be t r a n s m i t t e d  and the pu rpose  for  which 
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stat ions c a n  reduce  the work load on the c r e w  by thus rel ieving t h e m  of m o s t  

such monitor ing functions. 

The function of a n  e a r t h  station is thus seen  to  r e q u i r e  a complex of 

opt ical  and e lec t ronic  technology, although li t t le beyond what is a l r e a d y  

r e g u l a r l y  accomplished by var ious devices  s e p a r a t e l y  is needed. 

1 . 3  DEEP-SPACE VEHICLE STATION 

The s ta t ion at the DSV end of the link i s  similar to  the e a r t h  s ta t ion 

in that  i t  cons is t s  of input and output devices ,  a l a s e r  t r a n s m i t t e r ,  a r e c e i v e r ,  

a t r a c k e r ,  and s ignal  process ing  e lec t ronics .  Two impor tan t  d i f fe rences  are  

the higher  d a t a  r a t e  a s s u m e d  to be r e q u i r e d  for  t r a n s m i s s i o n  and the space.  

environment  of the s y s t e m .  

r e q u i r e d ,  and as  a r e s u l t  of the la t te r ,  i. e . ,  absence of a n  a t m o s p h e r e ,  such 

a n a r r o w e r  b e a m  i s  possible .  The de ta i l s  of making the u s e  of a v e r y  n a r r o w  

t r a n s m i t t e r  b e a m  (about 0. 005 m r a d  dia.  ) feasible  a r e  the m a j o r  t a s k s  o i  the 

opt ical  and mechanica l  design of the s p a c e c r a f t  te lescope.  In this  sect ion the 

g e n e r a l  f e a t u r e s  of the design and a l te rna t ives  a r e  d iscussed .  

As a r e s u l t  of the f o r m e r  a n a r r o w e r  beam i s  

1. 3 .  1 Optical  Design 

In o r d e r  to  ensurp  boresight between the t r a n s m i t t e r ,  r e c e i v e r ,  and 

t r a c k e r  they should uti l ize the same p r i m ? r y  opt ical  s y s t e m .  

a s s u m e d  that  the t r a n s m i t t e r  and rece iver  will  uti l ize different  wavelengths 

but that  both a r e  n e a r  6300 A. 

mit ted and rece ived  s ignals  can only par t ia l ly  be accomplished spec t ra l ly .  

One port ion of the a p e r t u r e  of the optical  s y s t e m  will be used  for  the trans '-  

m i t t e r  and another  port ion for the r e c e i v e r  and t r a c k e r ,  which can  readi ly  be 

combined together .  

and the  r e c e i v e r - t r a c k e r  combination the full  a p e r t u r e  could be u s e d  for  e a c h ,  

but then  one would possibly have to o p e r a t e  in a l e s s  d e s i r a b l e  s p e c t r a l  region. 

M o r e o v e r ,  i f  t h e  full p r i m a r y  optical s y s t e m  a p e r t u r e  is used for  the t r a n s -  

m i t t e r  it should be f r e e  of any cent ra l  obstruct ion,  and hence probably should 

be r e f r a c t i v e  r a t h e r  than ref lect ive;  but a r e f r a c t i v e  s y s t e m  might  have 

different  focus and boresight  for significantly different  wavelengths.  A 

c i r c u l a r  logic is then used  to a rgue  for  a p e r t u r e - s h a r i n g  of ref lect ive opt ics  

It will  be 

0 

Therefore  the n e c e s s a r y  separa t ion  of t r a n s -  

If widely different wavelengths w e r e  used  for  the sight 



and approximately but not exact ly  equal wavelengths f o r  the two d i rec t ions  of 

t r ansmiss ion .  

for  th i s  type of s y s t e m ,  and fur ther  study might indicate a d i f fe ren t  p re fe rence  

even without introduction of new information such a s  l a s e r  wave Lengths and 

col l imat ion r equ i r emen t s .  

It should be c l e a r  that no f i r m  r e q u i r e m e n t  i s  es tab l i shed  

It can  be shown on gene ra l  grounds that  a l a s e r  with a d i f f rac t ion-  

l imited b e a m  can  be recol l imated  to produce a diffract ion-l imited b e a m  of 

the d i ame te r  of the co l l imator ,  and hence that  the beamwidth i s  i nve r se ly  

propor t iona l  t o  the d i ame te r  of the co l l imator  o r  col l imat ing te lescope  output 

beam. 

than the diffract ion l imit  by any factor  wilt r e t a in  this  fac tor  in recol l imat ion .  

Moreove r ,  i f  a b e a m  does not have equal width a s  m e a s u r e d  in two or thogonal  

planes of s y m m e t r y  containing the axis of the beam,  applying cy l indr ica l  lens. 

co l l ima to r s  to  these  two p lanes  separa te ly  can make  the beamwidth equal  in 

the two planes.  If in each  plane the beamwidth approached  equally c lose  ( in  

propor t ion)  to  the respec t ive  diffraction l imi t ,  the co l l imator  a p e r t u r e s  would 

be equal  in both planes.  

beamwidth in  the two p lanes ,  for  the e lec t ro luminescent  diode l a s e r  the 

a p e r t u r e  difference r equ i r ed  to  col l imate  to  equal beamwidths will  not be v e r y  

g rea t .  

1. 6 t i m e s  the diffraction l imi t  in the o ther  plane,  a rec tangular  a p e r t u r e  

5 in. x 8 in,  would suffice for  coll imation to 0. 005 m r a d  in both planes.  

Because  the field of view of the t h r e e  devices  ( t r a n s m i t t e r ,  r e c e i v e r ,  

and t r a c k e r )  i s  quite s m a l l ,  a section of the in te rna l  b e a m  a few inches f r o m  

This  r e s u l t  i s  even m o r e  genera l  in that  a b e a m  which i s  broader  

It i s  expected that ,  in sp i te  of the g r e a t  d i spar i ty  in 

If the b e a m  i s  diffract ion-l imited in one plane and has  a beamwidth 

focus  wil l  approximate  an  image  of the ape r tu re .  A small diagonal m i r r o r ,  

subtending only a p a r t  of th i s  a p e r t u r e ,  m a y  be used  t o  introduce the t r a n s -  

m i t t e r .  

t r a c k e r  combination. 

The r ema inde r  of the ape r tu re  i s  then avai lable  for  the re .ceiver-  

1. 3 .  2 Tracking  Techniques 

Many techniques a r e  available for  generat ion of the r equ i r ed  t racking  

s igna ls .  

to t r ack ing  devices  i s  that  the beacon modulation c a r r y i n g  the voice channel 

should not be d is turbed ,  This  couid be accompl ished  by s imply  dividing the 

s igna l  into two beams ,  but i t  i s  a l so  poss ib le  to  develop t racking  techniques 

A r e s t r i c t ion  of th i s  sys t em which i s  not appl icable  in gene ra l  
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which do not spoi l  the s ignal  channel. 

channel into two p a r t s  in such a way that the difference o r  r a t i o  between 

t h e m  r e p r e s e n t s  the t racking  e r r o r  by i t s  amplitude ( o r  durat ion)  and phase  

( o r  t i m e  delay)  and then to detect  both p a r t s  so  that  the s u m  will  s t i l l  accura te ly  

r e p r e s e n t  the t r a n s m i t t e d  signal. 

One such  approach  is to divide the 

Image motion for  sensing of t racking  e r r o r  by an  a - c  technique could 

he introduced by a magnet ic ,  e l e c t r o s t r i c t i v e ,  o r  magnetos t r ic t ive  d r i v e  

applied to  a lens supported on a compl-ant suspension.  

a r e  needed,  and t h e r e  a r e  no "moving p a r t s "  in the o r d i n a r y  sense .  

re l iabi l i ty  can  t h e r e f o r e  be acb.ieved. 

is s m a l l ,  and such  a technique i s  ent i re ly  prac t ica l .  

difficult t rack ing  p r o b l e m  was solved by a conceptually s i m i l a r  approach  for  

the s t a r  t r a c k e r  in Hughes Aircraf t  Company ' s  p r e l i m i n a r y  proposa l  on the 

Orbi t ing Ast ronomica l  Observa tory ,  and working models  of this  device w e r e  

made.  

T h e r e f o r e  no bear ings  

High 

The ampli tude of the motion r e q u i r e d  

A somewhat  m o r e  

The select ion of the optical  design is somewhat influenced by the na ture  

of the mounting on the spacecraf t .  

which the s y s t e m  looks out through a window would be possible  if the s a m e  face 

of the vehicle  w e r e  always kept facing ear th .  

might be p r e f e r r e d  because this would keep  the m a s s  c l o s e r  to  the window and, 

i f  balance i s  d e s i r e d  because of small vehicle acce lera t idns  o r  shifts  in vehicle 

F o r  example ,  an in te rna l  mounting in 

In that  c a s e  a r e l r a c t i v e  objective 

at t i tude o r  center  of mass,  the gimbal center  could be kept  c lose  to  the 

window, and hence the requi red  window s i z e  would be minimized.  

i t  is m o r e  l ikely that l a rge  angular coverage  wil l  be r e q u i r e d ,  and a l s o  the 

window is undes i rab le  because of its suscept ibi l i ty  to  e r o s i o n  and damage  by 

m i c r o m e t e o r i t e s .  

same eros ion .  

op t ics ,  ref lect ive optics could be  somewhat m o r e  readi ly  pro tec ted  because  

the m a i n  m i r r o r  normal ly  l ies  a t  the bottom of the te lescope  tube. 

(for a manned s p a c e c r a f t )  if they a r e  a r r a n g e d  for  convenient a c c e s s ,  the 

aluminized o r  s i l v e r e d  s u r f a c e  could be chemical ly  cleaned and ,  using the 

space  vacuum t o  accompl ish  the n e c e s s a r y  evacuation, could be quite s imply 

rcnewed by evaporation. 

a f te r  a luminizing such pi ts  would sca t te r  light which they had f o r m e r l y  m e r e l y  

However,  

Refract ive optics u s e d  ex terna l ly  would be subjec t  to  the 

Although s o m e  shielding could be provided for  r e f r a c t i v e  

M o r e o v e r ,  

Naturally pi ts  in the g l a s s  would be permanent ;  



a b s o r b e d ,  but much damage  consis ts  of v e r y  minute pock marks which would 

not pene t ra te  a modera te ly  thick aluminum layer  and hence could be removed 

by this technique. 

difficult ies anyway. 

1. 3 .  3 Solar  Effects  

Only v e r y  long-duration fl ights should exper ience  such  

F o r  a m i s s i o n  to  Venus s ta t ions on the e a r t h  would at  t i m e s  have to  

iook througn the s o i a r  aureoie ,  w h e r e  tlie sky I--'-I-+-..-- ullgllcllc;JJ is "p t o  io00  t h z s  

that  of the a v e r a g e  over  the sky, because a t  c l o s e s t  approach  Venus is 

approximate ly  between the e a r t h  and the sun. 

the planet  of i n t e r e s t  at the t ime of c l o s e s t  approach.  ,The s y s t e m  will  not 

have t o  look d i rec t ly  at the so la r  disk,  for  the planet will  not m a k e  another  

t r a n s i t  unti l  the y e a r  2004, and will not come within a d e g r e e  of the l imb of the 

sun unt i l  1988. In any c a s e  the planet will  not spend m o r e  than s ix  days within 

five d e g r e e s  of the sun,  so  that i f  communication is r e s t r i c t e d  to  s imple  

t e l e m e t r y  and voice during this  period the loss of da ta  would not be extensive.  

Prcbably  a m i s s i o n  would be at 

F o r  a m i s s i o n  to  M a r s  this  si tuation i s  r a t h e r  d i f fe ren t ,  and c r e a t e s  

t h e r m a l  and mechanica l  design problems for  the s p a c e c r a f t  t e lescope  s y s t e m .  

Cons ider  a m i r r o r  a t  the bottom of a tube of height equal  to  twice i ts  d i a m e t e r .  

When the e a r t h  i s  about 15 d e g r e e s  f r o m  the sun the la t te r  will i l luminate  one 

s ide  of the te lescope  tube externally and the other  s ide internal ly .  

i l lumination will  probably fall on blackened s u r f a c e s ,  and hence will  cause  

subs tan t ia l  heating. A port ion of the main  m i r r o r  will  a l s o  be i l luminated. 

Such p a r t i a l  i l lumination will  cause  t h e r m a l  expansion of that  port ion of the 

This  in te rna l  

m i r r o r  with r e s p e c t  to the r e s t ,  and hence  will  cause  d is tor t ion  of the m i r r o r ,  

even  i f  it i s  made  of fused s i l ica .  T h e r m a l  differences will be exaggerated by 

the insulat ion provided by the space vacuum. 

n e a r  the sun than d i rec t ly  a t  the sun; in the l a t t e r  c a s e  the m i r r o r  is uniformly 

hea ted ,  and only a shift  of focus occurs .  

the re f lec ted  b e a m ;  this  f o r m s  a concentrated image  of the s u n ,  and can 

d a m a g e  por t ions  of the te lescope ,  such  as  the suppor ts  of the secondary  

m i r r o r ,  i f  al lowed to  s t r i k e  them. M o r e o v e r ,  s c a t t e r e d  light in th.e te lescope ,  

although t o l e r a b l e ,  introduces some noise  photons into the r e c e i v e r  and 

t r a c k e r .  

It is thus m o r e  difficult to look 

Another p r o b l e m  is the p r e s e n c e  of 

I 
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A solution of these  problems might  be accomplished by careful ly  

designing the s y s t e m  to withstand such d is t rubances .  However,  a m o r e  

s a t i s f a c t o r y  solution might  be to provide a s t r u c t u r e  to  shade the te lescope 

f r o m  the sun. 

solar ce l l  panel or  other  s o l a r  energy unit could be uti l ized. 

possible  to  provide a telescoping sunshade which would f o r m  a long extension 

of the m a i n  te lescope  tube. 

on the end of a long rod ,  forming a s o r t  of p a r a s o l .  

It might  be that some port ion of the s p a c e c r a f t ,  such as a 

It would be 

Most  effective of a l l  would be a plate  moilnted 

1. 3 . 4  Mechanical  Design 

Without specification of the dynamic environment  of the s p a c e c r a f t ,  

i. e .  , angular  or ientat ion,  r a t e s ,  and acce lera t ions  and l inear  a c c e l e r a t i o n s ,  

i t  i s  difficult to s e l e c t  a t racking servo  technique 

r e q u i r e m e n t s  on the mechanical  design. 

s tably or iented i t  might  be possible  to opera te  a s imple  posit ion s e r v o  

d i rec t ly  r e f e r r e d  to  s p a c e c r a f t  coordinates.  

o r  t h r e e - a x i s  isolat ion gimbal  would be needed to  prevent  motions of the 

s p a c e c r a f t  f r o m  dis turbing the te lescope of the communicat ion s y s t e m .  

a gimbal  would provide a p la t form aligned (within s o m e  t racking e r r o r )  with 

the l ine-of-s ight  to  the ear th .  

small c o r r e c t i o n s  in o r d e r  to  be accurately pointed. 

f r o m  the p la t form posit ion so  that  sudden d is turbances  in p la t form orientat ion 

would not d i s t u r b  pointing accuracy ,  Other  t racking  approaches  a r e  poss ib le ,  

such as  having, instead of the separa te  isolat ion gimbal ,  an  optical  c o r r e c t i o n  

made  by motion of a re lay  lens  in  the optical  s y s t e m .  

quick- response  s e r v o ,  which hardly s e e m s  appropr ia te ,  for t racking such  

s teady  objects  as the e a r t h  beacons. The mechanica l  design thus depends 

upon many f a c t o r s  not yet  specified. Many r e q u i r e m e n t s  for  compensat ion 

of def lect ions and damping of vibrations r e m a i n  to  be specif ied,  and hence 

the f i n e s s e  r e q u i r e d  in the design of a n  ac tua l  s y s t e m  can  hard ly  be guessed  

a t  now, and the a l te rna t ives  a r e  too n u m e r o u s  t o  d i s c u s s .  

and hence d e t e r m i n e  

If the s p a c e c r a f t  i s  l a r g e  and i s  

In the m o r e  g e n e r a l  c a s e  a two- 

Such 

The te lescope would then only need to make  

It would be decoupled 

This  would lead t o  a 
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2. 0 INFORMATION THEORY CONSIDERATIONS 

The value of information theory as a tool in ana lys i s  of communicat ion 

s y s t e m s  r e s t s  in i t s  abil i ty to  descr ibe  in a quantitative way the a c c u r a c y  

with which the rece ived  da ta  r e p r e s e n t s  the intended m e s s a g e .  

of a bit ,  r e p r e s e n t i n g  the designation of 1 of 2 equally likely poss ib i l i t i es ,  

is the accepted quantitative measur ing  unit  for  information. 

The concept 

The r e q u i r e m e n t  . 

for the rate at which the coiiiiiitiziicaiioii ciiaiiriei siiouiii be capabie  cjf 

t r a n s m i t t i n g  information could then be specif ied as a capaci ty  in b i t s / second.  

This  method of m e a s u r i n g  the quality of t r a n s m i s s i o n  can be applied with 

s o m e  confidence to  the t r a n s m i s s i o n  of quantitative data.  

t e l e m e t r y  channel  capable of sending Y n u m b e r s  p e r  second with 3 digit  

a c c u r a c y  should have an  information capaci ty  of 1OY b i t s / s e c o n d  (s ince  log 

(,1000) 

te levis ion t r a n s m i s s i o n ,  i t  is admittedly l e s s  descr ip t ive  of the abil i ty of the 

clxinnel  t o  rc.procluc:c: ttle i m p o r t a n t  c : t i ~ t n ( ~ n t : ;  ;jf th-3 pic.tiire. 

usual  method,  which i s  used  h e r e ,  is  t o  divide the picture  into rcssolution 

e l e m e n t s  and examine the a v e r a g e  degree  of de te rmina t ion  of the c o r r e c t  

intensi ty  on the individual e lements  of the t r a n s m i t t e d  picture .  

of information theory th i s  d e g r e e  of de te rmina t ion  i s  e x p r e s s e d  in b i t s / s y m b o l ,  

a quantity which will  be denoted by H. A rough cor respondence  between g r a y  

sca le  and the quantity H m a y  be noted. If H bits p e r  symbol  a r e  t r a n s m i t t e d  

then the intensi ty  is equivalently specified by designating one of 2H quantized 

F o r  e x a m p l e ,  a 

2 
10). In the application of this method of ana lys i s  to  p ic tor ia l  o r  

The 

In the terminology 

levels t o  r e p r e s e n t  it. 

for  t r a n s m i s s i o n ,  the amplitude of the s ignal  m a y  be t r a n s f o r m e d  by nonlinear 

s ignal  p r o c e s s i n g  into intensity gradat ions cor responding  to  the recogni t ion 

levels  of the v iewer ,  the quantity 2H c o r r e s p o n d s  approximately to  the 

effect ive number  of g r a y  sca le  levels p r e s e n t  in the t r a n s m i t t e d  p ic ture .  

Since,  in the  p r o c e s s  of coding the video waveform 

The a v e r a g e  information ra te  is  given in t e r m s  of the bandwidth and 

H by 
R = 2 Br H bi ts /second.  

E s t i m a t e s  of r e a l  t ime information r a t e s  and b i t / symbol  r e q u i r e m e n t s  w e r e  

p r e s e n t e d  in  a n  e a r l i e r  r e p o r t 6  for  s e v e r a l  different  types of data .  

6. I n t e r i m  P r o g r e s s  Repor t  for  the per iod  7 Nov. 1962 to  7 Jan.  1963, pp. 22-25.  

The 



l imiting informat ion  r a t e  of a communication channel (channel capaci ty)  with 

an a v e r a g e  power l imitation in the p r e s e n c e  of additive r a n d o m  noise  i s  given 

by the Shannon l imit  C = Br logz ( 1  t SNR) ,  where  the s ignal- to-noise  

power r a t i o  is given by the average  s q u a r e  s ignal  ampli tude to  m e a n  s q u a r e  

noise  amplitude r a t i o  in the rece iver .  The  s ignal  ampli tude for  the opt ical  

communicat ion s y s t e m  i s  proport ional  to  the rad ian t  power of the t r a n s m i t t e d  

b e a m  which is proport ional  to  the c u r r e n t  (voltage) produced in the de tec tor .  

IP o r d e r  to  avoid ambiguity in the use of the t e r m  power ,  ( s ince  power in the 

de tec tor  i s  proport ional  to  radiant  power s q u a r e d  in the b e a m )  i t  is convenient 

to speak in t e r m s  of the nond;.i>Tensional units of s ignal  quanta. 

a l s o  be n e c e s s a r y  for  the technical r e a s o n  that  the n u m b e r  of quanta avai lable  

to t r a n s m i t  each da tum point f r o m  m a x i m u m  dis tance i s  small enough that  

the d i s c r e t e  na ture  of the s ignal  becomes important .  

channel using,  for  example ,  a multiplier phototube d e t e c t o r ,  s ignal  quanta.  

r e f e r  to the photoelectrons emit ted f r o m  the photocathode. 

of s igna l  quanta,  S ,  may then be r e f e r r e d  to  the opt ical  b e a m  power received.  

The re la t ion  is 

This  will 

In re la t ion  to  an  optical  

The r a t e  of flow 

S = 7 To A J hlhc 

where  

'1 = detec tor  quantum efficiency 

T = t r a n s m i s s i o n  of optical s y s t e m  

A = col lector  a rea  

J = signal  i r r a d i a n c e  ( w a t t s / c m  ) 

0 

2 

h/hc = number of photons p e r  joule of incident radiat ion 

The re la t ion  to  the anode c u r r e n t ,  i ,  i s  

S = i J G e  

G = mult ipl ier  c u r r e n t  amplification 

e = charge  on an  e lec t ron  

The noise  in a n  optical  channel i s  due to s t a t i s t i c a l  f luctuations 

in the s ignal  as well  as the r m s  fluctuations in ex terna l  noise  s o u r c e s  



1 

, 

(usual ly  shot  no ise  produced by backgro ind radiat ion o r  t he rmion ic  photo- 

cathode d a r k  c u r r e n t ) .  If a cons t  ant s igna l  i s  t r a n s m i t t e d  and the,  a v e r a g e  

r ece ived  s ignal  quanta  r a t e  S is sampled  fo r  pe r iods  of length T a l a rge  

number  of t i m e s  the m e a s u r e m e n t s  wil l  give a P o i s s o n  dis t r ibut ion about the 

mean  S = 5 .  T .  

r e g a r d e d  as  a s igna l  noise .  

dur ing  the sampl ing  per iod  i s  N then, s ince  the s ignal  and noise  a r e  inde-  

pendent d i s t r ibu t ions ,  the to ta l  r m s  noise  ampli tude i s v  S t N. 

an opt ica l  channel ,  the effect ive noise competing with the s igna l  i n c r e a s e s  

with the ins tan taneous  s igna l  level. 

sys tem the ins tan taneous  s igna l  t o  noise r a t i o  i s  S / ( S  t N).  This  c a u s e s  

the uncer ta in ty  in the m e a s u r e m e n t  of l a rge-ampl i tude  s ignxls  to  be much 

worse than f o r  sma l l - ampl i tude  s ignals .  

dis t inguishable  leve ls  in the amplitude becomes  l a rge  the s igna l  m u s t  be 

i n c r e a s e d  in propor t ion  to  the square  of number  of l eve l s ,  and hence becomes  

v e r y  l a r g e  even  in the absence  of ex terna l  no ise  s o u r c e s .  F r o m  the s t and-  

point of eff ic iency th i s  considerat ion s t rongly  f a v o r s  t r ansmi t t i ng  e a c h  symbol  

with pu l ses  of s m a l l  ampli tude ra ther  than one pulse  of l a rge  ampli tude.  

The rms ampli tude deviation i s  equal  to  +which m a y  be 

If the average  number  of no ise  quanta r ece ived  

Thus ,  for 

If a n  ampli tude modulated opt ical  
2 

When the r equ i r ed  number of 

In the following sec t ions ,  the informat ion  r a t e s  of specif ic  opt ical  

communicat ion channels  a r e  computed. 

n u m b e r  of s ignal  quanta  n e c e s s a r y  to achieve  a r equ i r ed  number  of b i t s / s y m b o l  

a n d / o r  to  provide a n  allowable e r r o r  r a t e .  

modulation which a r e  p r a c t i c a l  for a deep  s p a c e  cummunication channel  

l imi t  the  peak s igna l  power available f o r  the t r a n s m i s s i o n  of a symbol .  

The a v e r a g e  t r a n s m i t t e r  power r equ i r emen t  for  the s y s t e m  i s  propor t iona l  

to the product  of the peak power per  symbol  and the r a t e  a t  which the 

symbol s  a r e  t r ansmi t t ed .  

The quant i t ies  of i n t e r e s t  a r e  the 

In gene ra l ,  the  types of l a s e r  
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2. 1 INFORMATION RATES O F  PULSE POSITION MOD’ULATED 
OPTICAL CHANNELS 

In pulse  posi t ion modulation ( P P M )  the s igna l  waveform is sampled  

a t  equidis tant  points as shown in F igu re  4. 

t r a n s m i s s i o n  of s h o r t  pu lses  of s tandard  height whose posi t ion in  the sampl ing  

t i m e  in t e rva l  c a r r i e s  the information about the height of the sampled  wave- 

fo rm.  T h e r e  a r e  s e v e r a l  pulse  coding techniques ava i lab le  and the se lec t ion  

of a code iiepeilds oii t rade-offs  beiizeen b a d w i d t h ,  p e ~ k  signa! to n c i s e ,  and 

a v e r a g e  t r a n s m i t t e r  power r equ i r emen t s .  P e r h a p s  the m o s t  s t r a igh t fo rward  

coding method cons i s t s  of sending a s ingle  pulse  whose posi t ion ( i . e . ,  t i m e  

de lay)  m e a s u r e d  f r o m  the leading edge of the in t e rva l  is propor t iona l  to  the 

height of the s igna l  waveform. The g r a y  s c a l e  which can  be t r a n s m i t t e d  i s  

l imi ted  by the length of the sampling in t e rva l  and the t i m e  resolut ion.  

The s igna l  i s  then coded to  give 

. 

The sampl ing  in t e rva l  may be r e g a r d e d  as cons is t ing  of K d is t inguish-  

The number  K i s  de t e rmined  by the communicat ion bandwidth able  posi t ions.  

and sampl ing  in t e rva l  T .  

to  the max imum avai lable  g r a y  sca le  resolut ion.  

link o p e r a t e s  ideal ly ,  the number  of b i t s  of in format ion  t r a n s m i t t e d  p e r  

sampl ing  pe r iod  ( b i t s / s y m b o l )  i s  H 

the informat ion  t r a n s m i t t e d  i s  l e s s  than H 

s t a t i s t i ca l  f luctuat ions in the s ignal  i tself .  

e s t ab l i shed  a t  a level  V 

be exceeded  a t  the posi t ion of the s ignal  and a probabi l i ty  T 

threshold  will  be exceeded  a t  each  of the o ther  posi t ions.  

of quanta  involved in the s igna l  and noise  levels  r ece ived  dur ing  the reso lu t ion  

p e r i o d s  of dura t ion  T / K  is s m a l l ,  these  probabi l i t i es  a r e  m o r e  accu ra t e ly  

d e s c r i b e d  by Po i s son  s t a t i s t i c s  r a the r  than the Gauss i an  dis t r ibut ion.  

P 

m e a n  A will exceed  the value V 

F o r  t r a n s m i s s i o n  of te levis ion da ta  K c o r r e s p o n d s  

When the communicat ion 

= log2K. In the opera t ion  of the channel  
0 

due to  p r e s e n c e  of no ise  and 

When the r e c e i v e r  th reshold  i s  
0 

t h e r e  is  a probabi l i ty  T tha t  the th re sho ld  will  B’ S 
that  the N 

Since the number 

If 

( V  A B  ) denotes  the cumulat ive probabili ty tha t  a P o i s s o n  d is t r ibu t ion  w i t h  

and TS a r e  given by the probabi l i t i es  T B’ N 
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wher 

N i s  the m e a n  number  of noise  quanta r e c e i v e d  during the sampling interval .  

A complete  descr ip t ion  of the rece iver  includes specification of the 

decoding p r o c e d u r e  when: 

per iod  and (b)  m o r e  than one pulse  exceeds the threshold  during a sampl ing  

per iod.  

the output of the prev ious  sampling period in the event  that  no pulse  h a s  

exceeded the threshold  and to  decode only the f i r s t  pulse  to exceed the threshold  

in a sampl ing  per iod.  

theore t ica l ly ,  be improved  slightly by m o r e  sophis t icated decoding techniques , 
the method d e s c r i b e d  is  m o r e  representa t ive  of what might  be accomplished 

in a technical ly  feasible  communication systcrrl. 

S is the m e a n  value of the number of quanta in the rece ived  s igna l ,  and 

(a) no pulse exceeds  the threshold  during a sampling 

Decoding methods which could be re l iab ly  i n s t r u m e n t a l  a r e  to  r e p e a t  

I t  m a y  be noted ' that  while the information r a t e  could, 

Let :  

Pi 

PI 

re la t ive  frequency of t r a n s m i s s i o n  in the ith posit ion 

(a p r i o r i  probabili ty of sending an  i )  

= r e l a t i v e  frequency of recept ion  in the j t h  posit ion 

(a p r i o r i  probabili ty of rece iv ing  a j )  
j 

Pij = probabili ty of receiving a j when it is known that  i is s e n t  

Then the a v e r a g e  number  of b i t s / symbol  which can  be communicated over  the 

link is:  
k k k 

- c P: log P.! ( 1 )  H ( S , N )  = c Pi c Pij 10gzpij  
J 2 J  i=  1 j = l  j =  1 

T h i s  equation7 

r e c e i v e d  information is  given by the a v e r a g e  "entropy" of the s ignal  plus noise  

(second t e r m )  minus  the average  entropy of the noise alone, 

7 .  S. Goldman,  "Information Theory",  ( P r e n t i c e - H a l l )  1953, Ch. IV-V.  

8. R. C. J o n e s ,  "Information Capacity of a B e a m  of Light", J. Opt. S O C .  

embodies  the well  known information theory  s t a t e m e n t  that  the 

Under the 

. AM., Vol.  52 No. 5 (May 1962) p. 493. 
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F i g u r e  4. Example  of P i i l s c .  Pos i t i on  h lodu la t ion  
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decoding p r o c e d u r e s  def ined,  the probabi” lity Pij is given by: 

P. = (probabili ty that  the threshold is exceeded a t  posit ion j )  

x (probabili ty that threshold i s  not exceeded a t  a posit ion before  j )  

t (probabili ty that the threshold i s  not exceeded during the in te rva l )  

x (probabili ty that  the oiutput of the prev ious  in te rva l  i s  a j )  

l j  

In t e r m s  of the s ignal  and noise  expectations,  T, and T Pi;  i s  given by: “ “ ‘ J  

i -  1 P. .= TS(l-TN) 
1J I 

1 

j < i  K- 1 t P . ( l - T S )  ( l - T N )  
J 

I 

t P i ( l - T S )  (1-TN)  K-  1 j = i  

The probabi l i t ies  a r e  r e l a t e d  by 

The coding probabili ty P. is de te rmined  by the re la t ive  o c c u r r e n c e  of light 

and d a r k  areas in the te levis ion picture  and the method of c o m p r e s s i n g  the 

s igna l  ampli tude before  t ransmiss ion .  

a t  the low post- threshold noise  conditions ( T  -t 0)  which will be used ,  the 

b e s t  communicat ion is obtained when P. i s  chosen so  that  the r e c e i v e r  

f requency  dis t r ibut ion P .  i s  uniform,  i. e . ,  P ’ = I / K  ( j  = 1, . . . .  K). 

the p u r p o s e s  of computation a t r a n s m i t t e r  coding will  be a s s u m e d  which 

1 

In g e n e r a l ,  when the s y s t e m  is opera ted  

N 

I 1 
F o r  

J j 

p roduces  a variat ion in P. 
J 

j = 1 . . . K  for  p r a c t i c a l  operat ing p a r a m e t e r s  and which becomes  uniform 

of l e s s  than 5 percent  over  the s ignal  range  

(opt imal )  in the c a s e  of z e r o  noise .  



The coding a s s u m e d  h e r e ,  

K-  i Pi = A (1-TN) 

is believed typical of the opera t i  

Substi tution in Equation 2 yields 
n which can  be achieved in prac t ice .  

PI j = A (1-TN)J- '  
m 

is determined by the normalizat ion of the I N  w h e r e  A =  
1 - (1-TN) 

K K 
I 

probabi l i t i es ,  C Pi = P. = 1. 
J 

i=  1 j =  1 

1 

Substituting the express ions  for  P Pj, and Pij in Equation (1) gives 

and TN. 
i' 

the value of H ( S , N )  as a function of the probabi l i t ies  T 
S 

where  

r 1 r 1 
a = A / T ~  1 T ~ / A  t p0 J log2 L T ~ / A  + p0J 

1 / A  t Po] logz [ T S / A  t Po 

r 1 r -I 

K- 1 P o =  ( 1 - T  ) (1-T ) S N 



Two limiting conditions are  of par t icu lar  i n t e r e s t :  

( T N  0) LOW NOISE LIMIT: 

(4 )  H(S,N)  - log2 [ K T ~  t (1 - T ~ ) , Z  T~ log2 K T ~  
L 

LARGE SIGNAL LIMIT: (Ts + 1) 

log2 T N  - l og2A K -  1 ( 5 )  H(S,N)  -+ - KA ( I -TN) 

F i g u r e  5 shows a plot of H(S,N) for  K = 100 for  s e v e r a l  value of TN. 

In g e n e r a l  the probabi l i ty  that  a noise pulse  will  exceed the threshold dur ing  

the sampl ing  per iod  m u s t  be kept smal l ;  for  example, i f  the probabili ty that  

the-noise  exceeds  the threshold during one sampling per iod  i s  0. 3 ,  then the 

link cannot communicate  m o r e  than 80 p e r c e n t  of the ideal  number  of b i t s / s y m b o l  

even when a r b i t r a r i l y  l a r g e  s ignal  levels a r e  used.  

suffer  i f  the bias  level  is s e t  too high re la t ive  to  the s ignal  s ince  H ( S , N )  

can n e v e r  be g r e a t e r  than T 

S i m i l a r l y  the link will  

t i m e s  the idea l  value,  log2 (K) .  S 
The amount  of information to be expected for  given s ignal  and noise 

for  var ious  bias  levels  and levels m a y  be obtained by computing T 

de termining  the resu l tan t  value of H(S,N) f r o m  F i g u r e  5 . 
level N / K  and bias  level V the value T is de te rmined  f r o m  the P o i s s o n  

d is t r ibu t ion  Tables  . T a s  a function of the m e a n  ( S  t N / K )  i s  l ikewise 

de te rmined .  

as a function of S for  var ious  noise  and bias  levels.  

which gives  opt imum information efficiency (bi ts  / signal  quantum) will  v a r y  

depending on the value of H a t  which the s y s t e m  is r e q u i r e d  to-opera te .  A s  

the d e s i r e d  level  of information t r a n s m i s s i o n  approaches  the m a x i m u m  

capaci ty  of t h e  link, higher bias  levels a r e  requi red .  

a t  a n  information r a t e  in the reg ion  of 95 p e r c e n t  of m a x i m u m  capaci ty ,  a 

b ias  leve l  should be used  for  which the noise  exceeds  the threshold  about 

and T S N 
F o r  given noise  

B N 0 

S 
F i g u r e  6 shows the values of H(S,N)  calculated by this  method 

In g e n e r a l ,  the bias  level 

F o r  opt imum p e r f o r m a n c e  

~ once in  100 sampling per iods.  

9. "Tables  of the Individual and Cumulative T e r m s  of P o i s s o n  Distribution",  
G e n e r a l  E l e c t r i c  G o . ,  ( V a n  Nostrand) ,  1962. 

26 



- - f 
I 

-1 P 
f 
In 

K 
W 
P 

In 
I- - 
m 

7 0  

6 5  

6 0  

5 5  

5 0  

4 5  

4 0  

3 5  

3 0  
07 

~~ 

K = IOO(D1STINGUlSHABLE LEVELS 
IN A SAMPLING PERIOD) 

TN= PROBABILITY THAT NOISE 
EXCEEDS THRESHOLD AT 
POSITION OTHER THAN SIGNAL 
POSl T ION 

0 8  0.9 

PROBABILITY THAT THRESHOLD IS EXCEEDED AT SIGNAL POSIT ION,  T S  

F i g u r e  5. H ( S ,  N)  7 - e r s u s  Signal Expectation 

I .o 

27 



K i 100 
VB=014S LEVEL 

N:NO OF M l S F  SUANTA PER 
SIMPLING P E R 4 0 0 '  

5 10 IS 

OUANTA PER SIGNAL PULSE ,S 

20 

F i g u r e  6. H ( S ,  N) \ . e r s u s  c'2uantr-F p-.r Signal  Pu l se  

25 

28 



4 

I 

The a c c u r a t e  de te rmina t ion  of a n  opt imum bias  level  c a n  only be done 

by computing the H vs.  S c u r v e  for a l l  likely bias  levels .  

d i s c r e t e  n a t u r e  of the s ignal ,  a bias level m u s t  c o r r e s p o n d  to the detect ion 

of an  in tegra l  number  M of quanta in a reso lu t ion  per iod  of dura t ion  T / K  and 

reject ion of a l l  s igna ls  of M -  1 o r  less  quanta. 

physically equivalent to  a b ias  level of 28. 0. 

changes in b ias  level c a u s e s  s o m e  slight i r r e g u l a r i t i e s  in var ious  of the 

informat ion  r a t e  curves .  

Due to  the 

Thus a bias  level  of 28. 7 i s  

This  necess i ty  f o r  discontinuous 

The problem of select ion of opt imum thresholds  was  
t r e a t e d  by R. C. Jones  7 in  analyzing a s i m i l a r  p r o b l e m  by using a computer  

to pr in t  out r e s u l t s  for  a l a r g e  number of b ias  levels and noting for  which 

conditions opt imum information ra tes  a r e  obtained. 

a given bias  level  will  be opt imum for a n  in te rva l  of values  of H and 

e s t i m a t i o n  of the appropr ia te  level can be done fa i r ly  accura te ly  without a 

l a r g e  n u m b e r  of computations.  

r i s e s  s h a r p l y  and f o r m s  a knee to approach a l imiting value asymptot ical ly .  

This l imi t  is due to  the finite probability of detecting a noise  pulse  p r i o r  

to the a r r i v a l  of the s igna l  and is given by Equation 5. 

c r i t e r i o n  of 1 noise  pulse  p e r  100 sampling per iods  and T 
the opera t ing  point a t  the knee of the curve .  

F o r  the p r o b l e m  at hand, 

For a fixed bias  level  the H vs.  S c u r v e  

In genera l ,  the 

= 0 . 9 5  will  place S 

Using this  r u l e  of thumb,  an approximate  operat ing point for  a P P M  

s y s t e m  can be calculated.  

quanta p e r  sampling per iod the bias level  i s  de te rmined  by the r e q u i r e m e n t  

that  the probabili ty that  a P o i s s o n  dis t r ibut ion with m e a n  N / K  exceeds  V 

should be l e s s  than 1/ 1OOK. 

probabili ty that  the s igna l  i s  detected of approximately 9 5  p e r c e n t ,  F i g u r e  7 

shows how the s ignal  r e q u i r e d  t o  operate  at  this point v a r i e s  with the number  

of dis t inguishable  posit ions K in the sampl ing  length for  a given noise  r a t e .  

The s igna l  va lues  defined in this  plot locate  approximately the’ knee of- the 

c u r v e s  of H vs. S ( F i g u r e  6 ) .  When l e s s  s ignal  i s  available the 

inforniation r a t e  will d e c r e a s e  rapidly due to  insufficient cer ta in ty  in detc,cting 

the s ignal .  I n c r e a s e s  above this  level will not grea t ly  i n c r e a s e  the  

information rate s ince  the l imi t  H = log,K h a s  a l r e a d y  been approached.  

F o r  a noise c u r r e n t  into the r e c e i v e r  giving N noise  

B 
Then a s ignal  level is chosen to give a 

0 I 



0 N OD 

6 'OOIYW 3 S l n d  Y3d V I N V t l O  

30 



! 

A quantity of i n t e r e s t  in evaluating the m e r i t s  of an opt ical  communicat ion 

s y s t e m  is the informat ion  efficiency, I ,  which is defined as  the a v e r a g e  

number  of bits  of information t ransmi t ted  p e r  s ignal  quantum rece ived .  

the P P M  s y s t e m ,  the theore t ica l  upper l imit  for  the information efficiency 

i n c r e a s e s  with K. In a noise less  link a threshold  of z e r o  could be used and 

each  t r a n s m i t t e d  photon would be detected a t  the corYect posit ion in the 

sampling per iod.  The s y s t e m  could then be opera ted  at a s igna l  leve l  of one 

quantum p e r  sampling per iod  w i t h  an information efficiency I = H / S  = log K. 

This  cons idera t ion  suppor ts  the genera l  conclusion that  when the noise  level  

is v e r y  low and communicat ion bandwidth is not a l imiting f a c t o r ,  the P P M  

technique gives the highest  efficiency. 

F o r  

2 

F i g u r e  8 shows the information efficiency for  a s y s t e m  with K = 100 and 

v a r i o u s  noise  levels  when opt imum bias  levels  f o r  operat ion a t  the given 

information r a t e  a r e  used.  

z e r o  at H = H 

an  infinite s ignal  power.  

the information efficiency r e m a i n s  near ly  constant  for  operat ion a t  up to  90 

p e r c e n t  (and m o r e )  of the maximum information r a t e .  

an  information rate r e q u i r e m e n t  of H1 b i t s / s y m b o l  could be met with efficient 

The information efficiency fal ls  off sharp ly  to 

s ince  the l imit ing information r a t e  can only be reached  by 
0 

One interest ing f e a t u r e  of these  c u r v e s  i s  that  

This  would indicate that  

opera t ion  by choosing K only slightly g r e a t e r  than 2 H i  . 
The amount of information which can be t ransmi t ted  p e r  s ignal  quantum 

i n c r e a s e s  rapidly as  the number  of dist inguishable posit ions in the sampling 

per iod  is  increased .  

(log2K) as  wel l  as the g r e a t e r  e a s e  with which efficient operat ion can be 

obtained ( F i g u r e  7 )  as  K i n c r e a s e s .  

information efficiency v a r i e s  with K in the p r e s e n c e  of no ise  when the s y s t e m  

is opera ted  n e a r  the knee of the H v s .  S curve .  

to unity a t  K = 100 to  give a r e s u l t  which is only sl ightly dependent on the 

e x t e r n a l  noise  level. 

This  is due to the i n c r e a s e  in the ideal  efficiency 

The c u r v e s  of F i g u r e  9 show how the 

The c u r v e s  have been n o r m a l i z e d  

When a fixed m i n i m u m  informate r a t e  i s  r e q u i r e d  the s igna l  n e c e s s a r y  

t o  provide the r a t e  i n c r e a s e s  sharply with the rms noise  level.  

the  c u r v e  of S vs. f i  ( F i g u r e  10) i n c r e a s e s  with increas ing  H. 

p r i m a r i l y  due to the i n c r e a s e d  bias  levels  r e q u i r e d  to  minimize  S for  given H. 

In g e n e r a l  the bias  level  i n c r e a s e s  in proport ion t o  ./N S O  that  the S vs.dN 
c u r v e  would be expected to be approximately l inear .  

The s lope of 

This  is 

- 
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The allowable e r r o r  r a t e  in the communication link v a r i e s  with 

the type of information being t ransmi t ted .  In the terminology used he re  

the e r r o r  r a t e  is the average  probabili ty that  the rece ived  symbol  i s  not 

the t r a n s m i t t e d  symbol;  

K 
K -  1 R, = 1 - Pii - - Z , ( l - P . . )  P; = 1 -KA [T ,  - ( l - T S )  A ( l - T f i T ) K - l l ( l - T  A. ?4. ) - i= I :1 * " 

F i g u r e  11 shows the e r r o r  r a t e  of the s y s t e m  as a function of S for  var ious  

noise  leve ls .  

changes introduced when new bias  levels a r e  selected.  

The eccent r ic i t ies  of these  c u r v e s  a r e  due to  discontinous 
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2.2  INFORMATION RATES O F  POLARIZATION MODULATED 

CONTINUOUS OPTICAL CHANNELS 

E l s e w h e r e  in this  r e p o r t  techniques a r e  d i s c u s s e d  f o r  the modulation 

At the r e c e i v e r  of an opt ical  b e a m  using a Pockels  ce l l  o r  other  modulator .  

the b e a m  is analyzed into i t s  r ight-  and left-hand c i r c u l a r  polar izat ion 

components.  The modulation does not a l t e r  the total  rad ian t  power rece ived ,  

but h a s  the effect  of changing the relat ive amounts  of energy  in the r igh t -  and 

left-hand polar ized  channels .  

modulation of the polar izat ion of the l a s e r  b e a m ,  the rece ived  s igna l  intensity 

in  the two channels  i s :  

When the modulator  is adjusted ‘to allow ful l  

0 
S 

2 Channel No. 1 S1 = - ( 1  t X) q u a n t a / s e c  

Channel No. 2 S 2  = - ( 1  - X) q u a n t a / s e c  2 

where  
- 

so - 

x =  

the quanta c u r r e n t  (see previous sec t ion)  cor responding  

to  reccpt ion of the total avai lable  s ignal  power at  the 

r e c e i v e r  

the modulation which c a n  v a r y  over  the range of - 1  5 X 

represent ing  the l imits  of all  to none of the total  s ignal  power 

in one channel. 

1, 

In the c a s e  of a P o c k e l s  ce l l  modulator ,  f o r  example ,  the quantity X i s  

proport ional  to  tht. s ine of the modulation voltage applied to the cel l .  

p r o p e r  s ignal  p r o c e s s i n g  the relation between video waveform and applied 

modulator  voltage can be adjusted so that  X could be made ,  s a y ,  d i rec t ly  

propor t iona l  to  the amplitude of the s igna l  to be’ t ransmi t ted .  

By 

In the r e c e i v e r ,  the outputs of the two channels a r e  differenced to 

give a s igna l  

s = s o x  



with a total  range of 2S0. 

noises  a r e  added. 

then given by 

In the differencing p r o c e s s  the individual channel 

The m e a n  square noise  level  en ter ing  the r e c e i v e r  i s  

So t N 

w h e r e  

N = the average  e x t e r n a l  quantum c u r r e n t  e n t e r i n g  both channels .  

Before differencing, the distribution of quanta en ter ing  the r e c e i v e r  in each  

channel is  d e s c r i b e d  by a P o i s s o n  distribution about the m e a n  value in the 

channel.  the m e a n  values  

rece ived  a re  

Consider ing sampling per iods T equal  1 / 2  B R'  

and 

The d is t r ibu t ion  in the differenced channel i s  given by the c r o s s - c o r r e l a t i o n  

function of the two channel distributions.  Since this  dis t r ibut ion i s  awkward 

to handle ,  for  the purposes  of analysis ,  i t  may be approximated  by a 

Gauss ian  dis t r ibut ion with m e a n  

and m e a n  s q u a r e  fluctuation 

u 2  = so t N. 

Two impor tan t  types of s igna l  t r a n s m i s s i o n  a r e  cons idered  h e r e  for  an 

opt ical  channel using a continuously operat ing l a s e r  as s ignat  s o u r c e .  The 

f i r s t  is  amplitude modulation, i n  which the amplitude of .the instantaneously 

r e c e i v e d  difference s igna l  is in te rpre ted  as the intended m e s s a g e .  

second possibil i ty i s  pulse code modulation using binary digit  coding f o r  the 

The 



t r a n s m i t t e d  symbol.  

K s e g m e n t s .  In e a c h  segment  e i ther  the f'All posit ive s ignal  is  p r e s e n t  ( a l l  

the intensity in one polar izat ion channel) o r  the full negative s igna l  i s  sen t  

(a l l  the intensi ty  in the o ther  channel). With this  type of on-off modulation 

and using K segments  p e r  sampling per iod ,  one of ZK dis t inct  symbols  can  

be sen t  per  sampling period. 

of K b i t s / s y m b o l .  In the AM technique the r e c e i v e r  bandwidth is half the 

sampling rate while the P C M  technique r e q u i r e s  a r e c e i v e r  bandwidth of 

F o r  this technique, the sampiing per iod  is divided into 

That i s ,  the channel .has  a m a x i m u m  capaci ty  

K / 2  t i m e s  the sampl ing  r a t e  for r e a l  time communication. 

r a t e s  for the two types of t r a n s m i s s i o n ,  as  l imited by the avai lable  l a s e r  

beam power,  a r e  d i s c u s s e d  in the following pages.  

A. Amplitude Modulated Continuous ODtical Channel 

The information 

~~ ~~ ~ ~ 

F o r  the AM method, the designation of the t r a n s m i t t e d  symbol  depends 

on the ampli tude of the s ignal  in the difference channel. The noise  in the 

channel i s  fixed by the differencing p r o c e s s  a t  a rms value of -fg. 
The probabili ty that  the amplitude y is rece ived  when x i s  intended is 

approximately : 

, - s o <  x s s o  
2 

1 ( X - Y )  

2 ( S  t N )  
4 P X ( Y )  - 

0 
i 2  TT (So t N ) [  

where  y i s  a n  integer .  In o r d e r  to t r a n s m i t  6 - 7  b i t s / symbol ,  however ,  the 

n u m b e r  of s ignal  quanta per  pulse must  be l a r g e  s o  that  to  a f a i r  approximation 

the var iab le  y may be r e g a r d e d  as continuous. 

P ( y )  , the a p r i o r i  probabi l i t ies  of sending x and receiving y; H(S 
given by: 

Then denoting by P(x)  and 

N )  is 
0' 

S O  SO SO 

-SO - SO -SO 
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i 

the  f luctuat ion wil l  c a u s e  the amplitude r ece ived  to a s s u m e  va lues  outs ide 

the r ange  - S o  t o  So .  

i n fo rma t ion  r a t e  will  include a very  l a r g e  'percentage of the t r a n s m i t t e d  

s igna ls .  

f i r s t  t e r m  m a y  be r ep laced  by -0 to +a . Then:  

However,  the l a rge  s igna l  r ange  r e q u i r e d  by the d e s i r e d  

F o r  the pu rpose  of es t imat ing  H the l imi t s  of the dy in t eg ra l  o f  the  

S O  m 
/- 

1 r 2 
( X - Y )  log2 e ' Px(y )  dy = -'z log2 2 ~ r e  (Sot N )  i r  
Wo+ N )  J 

P ( x )  dx , I-log2*d 2 TT (Sot N)' - 
- '  L 
- n  

0 
- s  

The  second t e r m  is max imum when P(x) i s  chosen  s o  tha t  P ( y )  i s  n e a r l y  

un i fo rm ove r  thc r ange  y 5s . In which c a s e  the value 
0 

SO 
r 

-so 
could be approached .  T h e s e  cons idera t ions  lead to  the  e s t i m a t e  of the , in format ion  

r a t e  for AM t r a n s m i s s i o n  in the difference channel ;  

4 s2 
H ( S o 9 N )  log2 2 TT e ( S o t N )  

this  imp t i z s  t h a t  such  a s y s t e m  would r e q u i r e  s e v e r a l  thousand s igna l  quanta  

to  t r a n s m i t  a symbol  with 7 bi t s  of information.  

cffic.iency i s  poss ib l e ,  however ,  by us ing  the informat ion  a b o l t  the ins tan taneous  

f luctuat ions contained in the  s u m  of the two polar iza t ion  channels .  

a v e r a g e  value of the sum of the s ignals  in  the two channels  i s  S o  t N. 

the s igna l  in the d i f fe rence  channel  i s  divided by the s igna l  in  the sum channel ,  

the r a t i o  i s  r e s t r i c t e d  to  within a range vary ing  only s l ight ly  with the e x t e r n a l  

no ise  level.  The e x t r e m e  va lues  of the r a n g e ,  t 0 could be adjusted 

to  e s sen t i a l ly  unity by sub t r ac t ion  of the mean  no i se  leve l  in the s u m  channel  

o r  o t h e r  c o r r e c t i o n  techniques.  

A cons iderable  i n c r e a s e  in  

The  

When 

S 
- So+ N 
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When the t r a n s m i t t e d  signal quanta in the two polar izat ion channels 

during the t ime requi red  to send  a symbol  is S 

rece ived  values  a r e  R t 

and S then the instantaneous 1 2 
6 R1 and R t 6 R2 where  R1 = S i  t N / 2 ,  

1 2 

R = S t N / 2  and the probabili ty of a fluctuation 6 R ( 6 i s  d e s c r i b e d  by a 
2 2  1 

P o i s s o n  dis t r ibut ion with m e a n  R ( R  ). The value rece ived  in the r a t i o  1 2  
channel  is 

- 6K2t b K l  

1 R1 t R2 t 6R2 t b R  
K 1  - K2 R =  - 1 s  R S l  

and the  probabili ty of receiving R is the probabili ty that :  

which is given by 

j =o 

where  P 

dis t r ibut ion of m e a n  R 

( j )  is the probabili ty of o c c u r r e n c e  of the value j in  a P o i s s o n  
2' 

This  gives the probabili ty Px(R)  of receiving R 2' 

. While the computation of H(S, N )  using s2 - s1 when x i s  s e n t  where  x = 

this p r e c i s e  value of the probability function has  not been accompl ished ,  i t  

is believed that  tht: r a t i o  channel r e s u l t s  in an  o r d e r  of magnitude improvement  

in efficiency. However,  this  improvement  s t i l l  is not sufficient to make the 

AM method competit ive with P P M  and P C M  techniques.  

AM could only be rea l ized  in conditions where  bandwidth i s  s t rongly l imited 

and a m p l e  s ignal  power i s  available. 

SO 

The advantages of 
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B. Information Rate for  Polar izat ion P u l s e  Code Modulation of Continuous 
Optical  Channel 

In P C M  the video signal is  sampled  as  for  the P P M  technique d i s c u s s e d  

in the previous section. 

The ampli tude to  be t ransmi t ted  i s  then ass igned  to  one of 2K quantized levels .  

Each  level is then ass igned  a binary code consis t ing of a sequency of z e r o s  and 

ones of length K. A z e r o  i s  sen t  in a segment  by converting a l l  of the l a s e r  

beam to,  s a y ,  r ight-hand polarized light and a one i s  sent by convert ing a l l  

thc l a s e r  b e a m  to left-hand polarized light. 

mit ted in e a c h  segment  i s  then de termined  by the p r e s e n c e  of a z e r o  o r  a one 

in that  s e g m e n t  of the binary code for the amplitude sampled.  

The sampling per iod  i s  divided into K equal  segments .  

The  polar izat ion to be t r a n s -  

The number  of d i f fe ren t  symbols ( sequences)  which can  be sen t  i s  
K K 2 and the m a x i m u m  number of b i t s / symbol  t ransmi t ted  i s  log 2 i s  K. When 

a s e g m e n t  value (Zero o r  one)  i s  being s e n t ,  one of the receiving channels  
2 

where  So and N 0 
s 
K +zKI’ r(.ctlives ii P o i s s u n  dis t r ibut ion about the m e a n  - 

a r e  the s igna l  and noise  quanta rece ived  p e r  sampling interval .  

s igna ls  a r e  subt rac ted ,  the r e s u l t  is a dis t r ibut ion about the value 

When these  two 

. Denoting by P ( j )  the probabili ty of 0 
S 

A - and d i s p e r s i o n  IJ - 

o c u r r e n c e  of the value j in a Poisson dis t r ibut ion of m e a n  A ,  the probabili ty 

of the o c c u r r e n c e  of i in the difference channel is: 

K - 7 R - + x  

P ( i )  = , 1 
‘\ 

d 

where  i m u s t  be integral .  

approximated  by the Gauss ian  formula 

To a fair  approximat ion ,  the dis t r ibut ion m a y  be 
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The a c c u r a c y  of the approximation is good for la rge  values  of N. , 

The s igna l  in the difference channel is then taken as a one o r  z e r o ,  
-, depeiidiiig oii the s i g n  of the m e a s u r e d  signai.  l n e  probabiii ty that  the 

de te rmina t ion  is c o r r e c t  is  given by: 

i=  i 
o r  in the Gauss ian  approximation:  

0 LJ 

In the l imit  N 4 0 ,  T m a y  be calculated f r o m  S 

The e x p r e s s i o n  for the number  of b i t s / symbol  which a re  communicated,  Equa. (1) ,  

is  

- 1 P; log P' 
x--- 

2 j  
H ( S o , N )  = Pi Pij logz Pij 

Assuming that  the a p r i o r i  probabili t ies of t ransmi t t ing  different  symbols  j 

a r e  the s a m e ,  
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-K  p. = 2 
1 

i = 1 .  . . . . . 2 K ,  

then the a p r i o r i  probabi l i t ies  of receiving a j i s  

-K P; = 2 
J 

The second t e r m  of the expres s ion  r e p r e s e n t s  the informat ion/symbol  

t r ansmi t t ed  by the s ignal  and noise  

2K 

- 1 Pi l og  P' = K b i t s / s y m b o l  
2 j  

j =  1 
The f i r s t  t e r m  in the equation r ep resen t s  the negative contribution of the noise  

alone. 

contr ibut ion of t r a n s m i s s i o n  in which the number of e r r o r s  in segment  values  

(ones o r  z e r o s )  is the same. 

This  t e r m  may  be divided into a s e r i e s  of K t e r m s  each  giving the 

The probabi l i ty  that  if i i s  sent,  that  the rece ived  symbol  j contains L 

e r r o r s  in segment  values  is: 

P.(L) = ( 1 - Ts) L TS (K - L) 
l j  

3 L = O . .  . . K  

the number  of such  symbols  j i s  given by K! 
K - L)! L ! 

Then 
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so that :  

H ( S , N )  = K [ 1 t ( l - T S )  O f 3 2  

H(S,  N) 
K F i g u r e  12 gives a plot of vs. TS. 

The  e r r o r  r a t e ,  defined a s  the probabili ty that  the rece ived  symbol  i s  

not t r a n s m i t t e d  s ignal ,  is: 

K 
RE = ( 1  - Pii) = 1 - TS 

- 2  Since only e r r o r  r a t e s  on the o r d e r  of 10 

n e a r l y  1 and 

a r e  of i n t e r e s t ,  T m u s t  be v e r y  s 

RE K ( 1  - Ts). 

- 2  
In F i g u r e  13 the s ignal  requi red  to  t r a n s m i t  with a n  e r r o r  r a t e  of 10 

is  shown as a function of the square root  of the e x t e r n a l  no ise  level  when 7 

b i t s / s y m b o l  (i. e.  , K = 7 )  a r e  required.  
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3 . 0  SIGNAL PROCESSING 

The type of s ignal  process ing  to  be employed wil l  depend on the types 

of l a s e r s  and de tec to r s  avai lable  when construct ion of :he s y s t e m  is i indertaken. 

I n  th i s  sect ion the de ta i l s  of implementation of the s c h e m e s  d i scuss t td  f r o m  

the information theory  viewpoint above a re  p resen ted .  

3.1 Pulse  Pos i t ion  Modulation 

A s  indicated in F igu re  4 ,  the information contained in the amplitude 
of the i,ridps cianal at a sample poir?t is cor,yvrerted into the inf~~rrr.atis: l  c ~ n t a i n e d  

--6---’- 

in  the t ime delay of the t ransmi t ted  pulse  f r o m  a r e fe rence  t ime fo r  that sample  

pe r iod .  The p r o p e r  functional re la t ion between these quant i t ies  is  suggested 

by the fac t  that ,  fo r  n o r m a l  leve ls  of i l lumination, the difference in intensity 

which the eye can  d i s c e r n  i s  a fixed port ion (about two pe rcen t )  of the total  

intensity a t  which the discr iminat ion i s  to be made .  

is independent of the t ime delay T and s ince the eye a t t aches  equal  significance 

Since the t ime resolut ion 

, to  propor t iona te  changes in the intensity,  which is r ep resen ted  b y  the video 

s igna l ,  V ,  the relat ion 

T = G l o g V  

is sugges ted ,  where  G is a gain fac tor .  

d e s i r e d  range  of intensity f i l l s  the avai lable  t ime delay range.  If a n  intensi ty  

range of 1OOO:l i s  d e s i r e d ,  100 significant va lues  fo r  T would then p r e s e n t  a 

seven  pe rcen t  significant proport ional  var ia t ion  in intensi ty .  

value given e a r l i e r  applied to la rge  a reas  viewed for  apprec i ab le  t i m e s ,  

w h e r e a s  th i s  seven  pe rcen t  value is  the instantaneous uncer ta in ty  f o r  a single 

reso lu t ion  e l emen t  ( s a m p l e ) .  Such fluctuations would be e s sen t i a l ly  unobser  - 
vable  to the eye.  

to  p e r m i t  opt imum t r a n s m i s s i o n  of va r ious  types of p i c t u r e s ,  i t  wi l l  be a s s u m e d  

that  they a r e  s e t  to  yield a 1 O O O : l  range of intensity and 100 significant l eve l s  

a r e  needed.  By nonl inear  preconvers ion  s ignal  compress ion ,  the intensity 

r ange  m a y  be extended although not without s ac r i f i ce  of fideli ty of inteneity 

reproduct ion  a t  the e x t r e m e s  of the range .  

na l e  d o  not affect  the technique given h e r e  un le s s  such  opt imizat ion reducee  

the number  of significant l eve l s  required.  

G should be chosen  such  that thc 

The two. pe rcen t  

Although the value of G a n d / o r  video gain would be ad jus t ab le  

Such opera t ions  on the video s i g -  
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A conceptually s imple  method f o r  accomplishing the convers ion  a n d  

operat ing the laser is shown in Figure 14. The opera t ion  i s  a s  follows: a 

s t rong  video signal is gated by a clock pulse  so that it c h a r g e s  a small 

capac i tor  which d i s c h a r g e s  through a r e s i s t o r  to produce a n  exponentially 

d e c r e a s i n g  vol tage,  the init ial  value of which i s  the video voltage s a m p l e .  

The t i m e  f o r  this  voltage to decay  to s o m e  fixed value is propor t iona l  to the 

logar i thm of the video s ignal .  

a n  avalanche t r a n s i s t o r  in the cut-off condition. J u s t  a f t e r  the video s a m p i e  

is appl ied to the small capac i tor  the B t  voltage is applied via  another  gate to 

the e n e r g y  s torage  capac i tor  of the l a s e r  and  to the avalanche t r a n s i s t o r .  

The decay  of the s tored  video voltage eventually will  a l low the avalanche 

t r a n s i s t o r  to conduct,  and the l a s e r  will f lash .  

pu lse  is thus proport ional  to the logari thm of the video voltage.  

The voltage on the capac i tor  i s  u s e d  to hold 

The t ime de lay  of the l a s e r  

It i s  not yet known if  suitable voltage l e v e l s  and impedance va lues  

can be obtained without additional isolation and / o r  amplif icat ion,  but the 

p r e s e n t  advantage of this  c i r c u i t ,  in that  only switching opera t ions  need be 

p e r f o r m e d  in the wide-bandwidth par t  of the s y s t e m ,  should be rea l izable .  

P r e s e n t  avalanche t r a n s i s t o r s  switching in one nanosecond a n d  c a r r y i n g  a 

c u r r e n t  of 15 a m p .  have a switching level s table  to  0. 002  v . ,  and hence would 

only need a maximum video voltage a l i t t le  g r e a t e r  than 0 .  2 v .  if impedances  

a r e  su i tab le .  

t r a n s i s t o r s  i s  actual ly  needed ( s e e  the p e r f o r m a n c e  sec t ion) ,  the probabi l i ty  

tha.t the c i r c u i t s  o r  components  eventually developed can  s t i l l  be switched 

with p r a c t i c a l  video vol tages  a p p e a r s  good. 

Although higher  c u r r e n t  than c a n  be handled by one of these  

The energy  s t o r a g e  capacitor should be of low-inductance,  low voltage 

type. The r e m a i n d e r  of the above c i rcu i t ry ,  including the l a s e r ,  can p r o -  

bably be packaged coaxially inside the c a p a c i t o r .  Except  f o r  the capac i tor  

and a n y  cooling s y s t e m  needed f o r  the l a s e r ,  all e l e m e n t s  of the s y s t e m  a r e  

qui te  small. 

The signal p r o c e s s i n g  i n t h e  r e c e i v e r  would be somewhat  s i m i l a r .  If 

a n  exponentially r i s ing  voltage ( i .  e . ,  a posit ive exponent) could be g e n e r a t e d ,  

e .  g .  , if  the exponential  build-up of an osc i l la tor  could be ut i l ized,  d i r e c t  

i n v e r s e  p r o c e s s e s  could be employed. However ,  it a p p e a r s  be t te r  to work  
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f r o m  the complemen ta ry  t ime interval .  

pu lse  a capac i to r  voltage decay  can be init iated; then the voltage p r e s e n t  

on the capac i tor  a t  the end of the sample per iod  ( l e s s  any  n e c e s s a r y  r e s e t  

per iod)  r e p r e s e n t s  the t r ansmi t t ed  signal. 

by sampling this  exponentially decaying capac i tor  voltage a t  the c o r r e c t  

instant .  

At the t ime  of a r r i v a l  of the s igna l  

A clock pulse  g a t e s  out the video 

This  technique i s  i l lustrated in F igu re  15. 

3. 2 P o l a r i z a t i o n  AmDlitude Modulation 

In polar iza t ion  ampli tude modulation the s ta te  of po lar iza t ion  of the 

t r a n s m i t t e d  b e a m  is  p ropor t iona l  to the video signal.  

s e p a r a t e d  into not m o r e  than two completely dis t inct  po r t ions .  

these  two a r e  or thogonal  l i n e a r  po lar iza t ions  o r  r igh t -  and  lef t -hand c i r c u l a r  

po lar iza t ion ;  although or thogonal  elliptic po lar iza t ions  a r e  a l s o  poss ib l e ,  

t h e y  a r e  r ep resen tab le  a s  superpos i t ions  of the above c l a s s e s .  It i s  not 

poss ib l e  to po la r i ze  a beam so that it c a n  be divided into,  s a y ,  four  dis t inct  

po r t ions  such  that any  por t ion  will  be p r e s e n t  in any d e s i r e d  amount  with 

only the  r e s t r i c t i o n  that the s u m  of the p a r t s  equal  the whole;  

a t t empted  it will  a lways  be found that r e l a t ions  between the c l a s s e s  a r e  such 

that no addi t ional  information can  be conveyed by the two addi t ional  por t ions .  

T h e r e f o r e ,  in polar iza t ion  modulation the t r ansmi t t ed  s igna l  can  only be 

conveyed by the re la t ive  amoun t s  of the two dis t inct  po la r i za t ions .  

P o l a r i z e d  light c a n  be 

Typical ly ,  

i f  th is  i s  

The s ta te  of po lar iza t ion  of the beam a t  recept ion will  be de t e rmined  

by sepa ra t ing  the two s igni f icant  polar izat ions by m e a n s  of a polar iz ing  

p r i s m .  

dayt ime sky i s  pa r t i a l ly  unpolar ized and par t ia l ly  l i nea r ly  po la r i zed .  It 

t h e r e f o r e  might  be de tec ted  unequally by the two channels  if l i n e a r  p o l a r i z a -  

tion w e r e  t r ansmi t t ed .  T h e r e f o r e ,  i t  i s  des i r ab le  to t r a n s m i t  c i r c u l a r l y  

po la r i zed  light. 

tion by the polar iz ing  p r i s m  by use  of a q u a r t e r - w a v e  plate in the r e c e i v e r .  

Lef t -hand  c i r c u l a r  po lar iza t ion  will produce a l i nea r  po lar iza t ion  or thogonal  

to that produced by r ight-hand c i r c u l a r  po lar iza t ion ;  the p a r t i c u l a r  p o l a r -  

i za t ion  d i r ec t ions  produced a r e  de te rmined  by the or ien ta t ion  of the a x i s  of 

the q u a r t e r - w a v e  plate.  An inverse  p r o c e s s  can  be used  to produce  c i r c u -  

l a r l y  po la r i zed  light a t  t r ansmiss ion  if it i s  m o r e  convenient to produce  

l i n e a r l y  po la r i zed  light in the modulator .  

E a c h  polar iza t ion  m a y  then be de tec ted  sepa ra t e ly .  Light f r o m  the 

This  can  be converted to l i nea r ly  po la r i zed  light f o r  s e p a r a -  
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T h e r e  a r e  no spec ia l  techniques e s sen t i a l  f o r  modulat ion and demod-  

ulation of this  type of s ignal .  

to modulate  the polar izat ion by means  of e lec t ro-opt ica l  devices .  

ce iver  need only obtain the difference between the s igna ls  f r o m  the de t ec to r s  

receiving the two different  polar izat ions.  Nonlinear opera t ions  m a y  be used  

to  n o r m a l i z e  this  difference,  allowing fo r  s t a t i s t i ca l  f luctuations in  the s u m  

of the two s igna ls ,  ampli tude scinti l lat ion,  and  sky l ight.  

not been worked out in detai l  because the opt imum cor rec t ion  is difficult to 

d e t e r m i n e .  

twice the sum of the channels  (minus  to p lus) ;  i t  m a y  the re fo re  be no rma l i zed  

to a fixed range,  which i s  a cha rac t e r i s t i c  of the t r a n s m i t t e d  va lues ,  by 

divis ion by the sum.  However ,  the sum includes s o m e  sky l ight,  and hence 

th i s  p r o c e s s  would p roduce  a reduced con t r a s t  in the p i c tu re .  If ad jus tmen t  

of con t r a s t  ie m a d e ,  some valuee outside the dynamic r ange  of the channel  

a r e  produced .  This  m a y  provide  the m o s t  acceptable  p ic ture ,  although in 

pr inc ip le  a m o r e  c o r r e c t  intensity reproduct ion could be made  by a nonl inear  

c o m p r e s s i o n  of the e x t r e m e  va lues .  

A powerful  video s ignal  w i l lp robab ly  be needed 

The r e -  

Such operat ions have  

The s imple  difference between channels  l i e s  within a r ange  of 

3 .  3 Pola r i za t ion  Digital Modulation 

Polar iza t ion  digital  modulation i s  much the same- a s  polar izat ion 

ampl i tude  modulat ion.  

pu lse  in t e rva l s  which a r e  used  to t r ansmi t  a b ina ry  number  charac te r iz ing  

the intensity a t  the sample  point. 

of one polar izat ion o r  the o ther .  

to d e t e r m i n e  the sign of the difference s ignal  to d e t e r m i n e  whether  a one o r  a 
z e r o  has been  received.  

s y s t e m  in te rna l  noise  will  cause  ei ther  posit ive o r  negative odtput with 

equal  probabi l i ty .  Clock synchronism m a y  be obtained by e i ther  t r a n s -  

mit t ing synchroniza t ion  pu l ses  a t  the endof  each  l ine of the p ic ture  o r  by u s e  

of some  s o r t  of a phase- lock  c i rcu i t  nulling the randomly  gene ra t ed  second 

ha rmon ic  ( 1 / ~  instead of 1/(2.r ))in the r e c e i v e r .  This  t r a n s m i s s i o n  technique 

p e r m i t s  u s e  of much lower s ignal- to-noise  r a t io s  than polar izat ion ampl i tude  

The sample  in te rva l  is broken  up into p e r h a p s  seven  

Ones and  z e r o s  c o r r e s p o n d  to t r a n s m i s s i o n  

Reception i s  s imple  in tha t  i t  i s  only n e c e s s a r y  

If a z e r o  difference in photon count is obtained, 

modulat ion,  although it does  requi re  

mo r e  p r  e c i s e  c lock synchronization. 

rap id  analog-to-digi ta l  conve r s ion  and 

Slightly m o r e  than 100 distinguishable 



l eve ls  a r e  needed un le s s  fluctuation in the leve ls  i s  introduced so that the 

eye does not have t ime to distinguish the quantization s t eps .  F o r  example ,  

l eve ls  could be shif ted one-half  step e v e r y  o the r  f r a m e ,  and p e r s i s t e n c e  of 

vis ion would then provide approximately the equivalent of twice a s  many  

leve ls .  

t ions between t r ansmi t t ed  and received va lues .  

Synchronization in this  coding shift is n e c e s s a r y  to  keep t r u e  r e l a -  

3 . 4  Low-Data-Rate Transmiss ion  

Since the equipment necessa ry  for  th i s  sys t em to t r a n s m i t  r ea l - t ime  
7 s tandard  television data  r a t e  5 s 10 

impor tan t  t o  cons ider  means  for reducing this  data  r a t e .  

s imply to r e c o r d  images  and then t r ansmi t  ove r  a longer  per iod  of t ime .  

n m i  m a y  not be developed soon, i t  i s  

One m e a n s  is 

- However ,  r e a l - t i m e  t r ansmiss ion  may be des i r ed .  In that  c a s e ,  i t  is 

poss ib le  to reduce the data ra te  by taking advantage of the spa t ia l  a n d / o r  

t e m p o r a l  redundancy of the picture .  

i s  a s s u m e d  that eve ry  resolut ion element  is independent of i t s  neighbors  and 

of i t s  p rev ious  va lues ;  i. e . ,  i t  i s  a s sumed  that the intensity fo r  e v e r y  r e so lu -  

tion e l emen t  mus t  be t ransmi t ted  each t ime it i s  to be displayed.  

tion s impl i f ies  the r e c e i v e r  c i r cu i t ry ,  s ince then no s torage  o r  c o r r e l a t i o n  i s  

needed.  However ,  television always contains s o m e  such  redundancy. T e m -  

p o r a l  redundancy ex i s t s  in that  only a few objec ts  in the picture  a r e  moving,  

and hence it i s  wasteful  to t r a n s m i t  the same  value repeatedly f o r  e v e r y  

e l emen t .  

f l i cke r  reduct ion,  obtainable by simply multiple display of the s.ame image ,  

than f r o m  the r equ i r emen t  of apparent  continuity of motion. Spat ia l  redun-  

dancy e x i s t s  in the p re sence  of broad a reas  ove r  which the. intensity i s  slowly 

vary ing;  these  a rcas  a r e  usually separa ted  by sharp boundar ies ,  w'hich r e -  

p r e s e n t  the high-frequency port ion of the video. 

edge da ta  and low-frequency data  pe rmi t s  substant ia l  reduction in the da ta  r a t e .  

In o r d i n a r y  te levis ion t r a n s m i s s i o n  i t  

This  a s s u m p -  

In fac t ,  even the scan  rate i s  de t e rmined  m o r e  f r o m  the point of 

Separa te  t r a n s m i s s i o n  of 

Work i s  proceeding a t  Hughes on two p r o g r a m s  of tc lcvis ion bandwidth 

reduct ion ,  one concerned p r imar i ly  with t t x m p u r a l  redundancy reduct ion and 

the o ther  spat ia l .  
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unnecessa ry  a t  the m o m e n t  to  re la te  the s ignal  p r o c e s s i n g  approach  h e r e  to 

the de ta i l s  of these s y s t e m s ,  it can be pointed out that  the analog approach  

to removal  of t empora l  redundancy can  be readi ly  r e p r e s e n t e d  as  a s imple  

reduction in video bandwidth. Points  a r e  m e r e l y  sampled  less frequent ly ,  

and such  samples  can  be used  to reconst i tute  a video of reduced  bandwidth, 

which can  then be p r o c e s s e d  in the r e c e i v e r  a t  the e a r t h  s ta t ion to provide 

the d e s i r e d  ful l  video bandwidth available by  u s e  of the p rev ious  video 

s a m p l e s .  

though the t r a n s m i s s i o n  w e r e  slowed down by a f ac to r  of f ive,  and the f o r e -  

going theory  and design approaches  c a n  be used  d i rec t ly .  The digi ta l  output 

resu l t ing  f r o m  the p r e s e n t  Hughes approach  to  reduction of spa t ia l  redundancy 

l eads  d i r ec t ly  to  digi ta l  t r ansmiss ion ,  although it should be poss ib le  to conver t  

it to a n  analog s igna l  output to permi t  use  of the P P M  tr.inL,iiii.-;sion tcachnique. 

SUC h d e t a i l s  ~i i l l  not b-  considercd l l c s r t . .  

The re fo re  s ignal  process ing  in t r ansmiss ion  c a n  be done j u s t  a s  
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4 . 0  DETAILS OF THE DESIGN EXAMPLE 

The design example  is intended to r e p r e s e n t  one specific embodiment  

of a s e t  of the des ign  concepts  d i scussed  in the foregoing sec t ions .  As im- 

proved  knowledge i s  obtained of both the na ture  of the m i s s i o n  and the s ta te  

of the a r t  a t  the t ime of final selection of a design for  that  m i s s i o n ,  one o r  

another  design approach  may  appear  p r e f e r a b l e .  

will  be  indicative of the gene ra l  f ea tu re s  of the s y s t e m  finally adopted. 

It i s  'hoped that  the following 

4.1 Mounting t o  the Spacecraf t  

Continuous rotat ion of the spacecraf t  m a y  be d e s i r e d  e i t h e r  to provide 

synthet ic  grav i ty  o r  to p e r m i t  one side of the spacec ra f t  to continue t o  f ace  

a p lane t  about which it is orbit ing.  

continuous rotat ion of the g imbal  for the te lescope  of the opt ica l  communica t ion  

s y s t e m .  This  sugges t s  a g imbal  of the a l t - az imuth  type,  i. e .  , that a con-  

t inuous- ro ta t ion  "azimuth" a x i s  be e s t ab l i shed  perpendicular  to the s ide  of the 

spacec ra f t  on which the s y s t e m  i s  mounted. If this  a x i s  i s  a l s o  p a r a l l e l  to the 

s p a c e c r a f t  a x i s  of rotat ion,  a fixed objec t  can  be kept continuously in view in 

spi te  of the s p a c e c r a f t  rotation. 

e levat ion angle l i m i t s  of -32O to t 80°; 

7 5  p e r c e n t  of the full  sphe re .  

It i s  t he re fo re  des i r ab le  to provide a 

The mounting shown in F i g u r e  16 h a s  

it t he re fo re  can  c o v e r  approximate ly  

F o r  pro tec t ion  dur ing  launch and a t  o the r  t i m e s  when the s y s t e m  i s  

not in u s e ,  it  would be  s t o r e d  inside a c losed ,  a i r t i gh t  c h a m b e r .  This  c h a m b e r  

has a door  opening into the spacecraf t  to p e r m i t  the c r e w  to do any n e c e s s a r y  

main tenance ,  e .  g .  , lubr ica t ion ,  cleaning o r  ad jus tmen t  of op t ics ,  o r  r e p l a c e -  

m e n t  of faulty components .  The gimbal s t r u c t u r e  swings out of the e n c l o s u r e ,  

opening the lid a s  it goes ;  the lid latch is  a c i r c u m f e r e n t i a l  r ing with a mul t i -  

p i tch  th read  s i m i l a r  to tha t  used  on q u a r t e r - t u r n  j a r  l ids .  

swing the g imbal  up and  out i s  s imi l a r  to that u sed  on a i r c r a f t  landing f laps .  

When the gimbal  is fully out o r  f u l l y  in the d r i v e  s tops but r e m a i n s  under  

s t r e s s  so that the s t r u c t u r e  i s  held f i rmly  aga ins t  a stop. 

The s c r e w  d r i v e  to 

The d r ive  f o r  the m a i n  gimbals  u s e s  d i r ec t - ac t ing  torque m o t o r s .  A 

double - integrat ion s e r v o  is  u s e d ,  probably with ra te  gy ro  feedback f o r  

s tabi l i ty .  

i so la t ion  g imbal .  

The e r r o r  s ignal  i s  developed by sensing the deflection of the 

The m a i n  gimbal  t he re fo re  s e r v e s  only to min imize  
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deflection of the isolat ion gimbal .  

A s  indicated in the i l lus t ra t ions ,  p rac t ica l ly  all the mechan i sm i s  

on the m a i n  gimbal .  The only active e l emen t  on the isolat ion g imbal  is  a 

focusing device a t  the secondary m i r r o r .  E l e c t r i c a l  power,  con t ro l ,  and  

s ignal  connections m u s t  go through slip r ings  o r  o ther  r o t a r y  connect ions a t  

the az imuth  pivot, but can  s imply  flex f o r  the elevat ion pivot and  the pivot 

f o r  swinging the mechan i sm in and out of the enc losure .  

No spec ia l  p rovis ions  for  handling sunlight coming into the te lescope  

tube a r e  indicated; t hese  mechan i sms ,  if needed,  would be specif ical ly  d e -  

signed f o r  the conditions to be encountered during a pa r t i cu la r  m i s s i o n .  

When the te lescope  i s  in the enc losure  it may be completely dismounted 

via the in te rna l  a c c e s s  door .  

i n t e r io r  of the spacec ra f t  through this opening and thereby  p e r f o r m  opt ical  

t e s t s  on i t  with all por t ions  of i t  operat ing.  

It i s  a l s o  poss ib le  to s imply  point i t  into the 

4.2 Primary Op t i ca l  Sys tem 

The  p r i m a r y  opt ical  s y s t e m ,  shown in F igu re  17, cons i s t s  of a two- 

m i r r o r ,  f / 5 0  Casseg ra in i an  configuration employed a s  a telephoto l ens .  

Since the objective d i a m e t e r  i s  12 inches,  the foca l  length i s  50 fee t  o r  600 
inches.  

the rms pointing e r r o r  m u s t  be reduced to  l e s s  than 0. 001 m r a d  o r  0. 0006 

inch a t  the foca l  su r f ace .  

than,  s a y ,  a n  f/10 sys t em i s  to give a sufficiently l a r g e  image that  th i s  

to le rance  i s  reasonable .  Once the  t r a n s m i t t e r  and r ece ive r  b e a m s  a r e  s e -  

pa ra t ed  absolute  values  mus t  be maintained fo r  bores ight ,  and hence l a r g e r  

d imens iona l  t o l e rances  a r e  des i rab le .  The m o s t  difficult such  to le rance  

remain ing  i s  that  fo r  focus  of the p r i m a r y  opt ical  sys t em.  

by which that  can  be checked during operat ion i s  provided.  

F o r  p r o p e r  pointing of the 0. 005 m r a d - d i a m e t e r  t r a n s m i t t e r  beam . 

The main  purpose of having an  f /50  s y s t e m  r a t h e r  

A s imple  m e a n s  

4.  3 Isolat ion Gimbal  

The isolation gimbal  pivots  about the focus.  The re fo re  pivoting of 

the ma in  g imbal  does not a f f ec t  pointing, although t rans la t ion  of i t  wi th  r e s p e c t  

to the isolat ion gimbal  would. 

the por t ion  of the a p e r t u r e  which the l a s e r  i l lumina tes ;  a deflection of one 

Angular motion of the ma in  g imbal  does  a f f ec t ,  
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m r a d  co r re sponds  to a shift  of 0..6 inch a c r o s s  the m a i n  m;rror. 

def lect ions of the isolat ion gimbal  pivot m u s t  t he re fo re  be held to  l e s s  than 

one m r a d ;  a 0. 001 rms e r r o r  l imi t  of 0 . 2  m r a d  should be obtainable.  

Angular  

Not only should t r a n s v e r s e  l inear  def lect ions of the isolat ion gimbal  

be held to  0 .  0006 inch rms to obtain m r a d  rms e r r o r  f o r  pointing the 0.  005-  

m r a d - d i a m e t e r  t r a n s m i t t e r  beam, but longitudinal deflection should be l e s s  

than 0. 01 inch to  p reven t  detectable  shift  of focus,  although s y s t e m  opera t ion  

would not be se r ious ly  degraded by a shift  of 0 .1  inch. 

The c o r r e c t  type of s t i f fness  to  mee t  these r equ i r emen t s  i s  provided 

by a f lexure  pivot mechan i sm consis t ing of a n  annular  p la te  of thin m e t a l ,  

bonded a t  the inner  d i ame te r  to  the ma in  g imbal  and a t  t he .ou te r  d i a m e t e r  to 

the s t r u c t u r e  c a r r y i n g  the p r i m a r y  opt ical  sys t em.  (See F i g u r e  18). 

ra t io  of longitudinal to angular  s t i f fness  i s  maximized  by  increas ing  the p r o -  

por t iona te  width of the annulus ,  but t he re  i s  l i t t le  advantage in going beyond 

a r a t io  of inner to outer  d i a m e t e r  equal to 0.  5. 

i s  approximate ly  10 g m - c m  p e r  deg ree ,  and  hence the pivot wil l  be f a i r l y  

de l ica te ,  unable to support  the weight of the isolated mechan i sm during high 

acce le ra t ions .  However,  it will  be sufficiently compliant  longitudinally that 

i t  c an  s imply be made  to  bottom on a solid support  which wil l  then t r a n s m i t  

the f o r c e s .  

' 

The 

The angu la r  s t i f fness  r equ i r ed  

Torquing of the isolation gimbal will  be by m e a n s  of small solenoids  

The f o r c e  will  thus be m a d e  independent act ing on tiny pe rmanen t  magnets .  

of posi t ion and velocity of the ma in  gimbal .  

be needed. 

being extended and put into operat ion o r  when i t s  function i s  being changed) 

c a n  be accompl ished  s imply by lett ing the ma in  g imbal  go to the end of the 

f r e e  motion of the isolation g imbal  and hence c a r r y  i t  a long.  

f o r  t racking  wil l  be genera ted  by sensing the posit ion of the e a r t h  beacon. 

Rate feedback f o r  stabil i ty c a n  probably be taken f r o m  the ma in  g imbal  because 

the s e r v o  f o r  that  d r ive  will  be much  f a s t e r ,  and hence the delay in r a t e  fe.ed- 

back wil l  be unimportant .  

s e r v o  loop wil l  be coupled into the isolation gimbal  d r ive ,  but fu r the r  study 

would be r equ i r ed  to de te rmine  i f  they would be s e r i o u s ;  i t  does  appea r  that  a t  

l e a s t  such  a s y s t e m  could ope ra t e  stably.  P e r h a p s  the spr ing  coupling and the 

r a t e  gy ro  coupling could offset  each  o t h e r .  

Only small f o r c e s  will  o rd ina r i ly  

L a r g e r  f o r c e s  for g r o s s  mot ions  (e.  g . ,  when the te lescope i s  

E r r o r  s ignals  

Pe r tu rba t ions  in t roduce . '  into the m a i n  g imbal  
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4.4 Divisional Opti c a l  Sys tems 

The f i rs t  division of the received l ight  energy  r e m o v e s  a l l  the vis ible  

light except  r e d  light of wavelength g r e a t e r  than about 0.  6 p  and  r e f l e c t s  i t  

to a vidicon which thus provides  a television c a m e r a  with a field of view of 

about 1 . 6  m r a d  a n d  a resolut ion of about 0 .  003  m r a d .  T h i s  te levis ion c a m e r a  

p e r f o r m s  two important  functions.  F i r s t l y ,  it cdn be u s e d  to g e n e r a t e  e r r o r ,  

s igna ls  f o r  t racking the e a r t h  when the s y s t e m  is not locked onto a beacon,  a n d  

secoridly, i t  car1 be used  to provide images of the e a r t h  and o ther  planets  when 

the s p a c e c r a f t  is in t r a n s i t ,  and to examine the s u r f a c e  of a plzr.et in  de ta i l  

when the s p a c e c r a f t  i s  orbi t inc i t .  These second functions provide ar. a r g u m e n t  

f o r  providing two opt ical  communication s y s t e m s ;  not only i s  redundancy p r o -  

vided, but these  te lescopic  views of o ther  planets  c a n  be re l syed  to  e a r t h .  

The next divisi0.n of the received l ight e n e r g y  o c c u r s  when p a r t  of the 

b e a m ,  represent ing  a port ion of the a p e r t u r e ,  is e x t r a c t e d  by a m i r r o r  and 

s e n t  into the t r a n s m i t t e r .  It i s  simply was ted  t h e r e ,  of c o u r s e ;  the r e a s o n  

f o r  the m i r r o r  i s  to  p e r m i t  insertion of the t r a n s m i t t e r  b e a m ,  and i t  s imply  

f o r m s  a n  a p e r t u r e  blockage f o r  the r e c e i v e r .  

b e a m  is converging to  the s a m e  focus the b e a m  f o r  the r e c e i v e r  i s  diverging 

f r o m ;  throughout th i s  a r e a  behind focus s tabi l i ty  of opt ical  e l e m e n t s  m u s t  be 

adequate  to maintain this  condition without o v e r l y  f requent  ad jus tments .  

At this  point the t r a n s m i t t e r  

The b e a m  to the r e c e i v e r  p a s s e s  through the combined r e l a y  l e n s  and 

nutation m e c h a n i s m  and goes to another dichroic  m i r r o r  which s e p a r a t e s  the 

rece ived  s ignal  f r o m  rnost of the remaining r e d  light. The l a t t e r  is focused 

on the end of a flexible f iber  optic bundle which r e l a y s  the image a c r o s s  the 

elevat ion pivot and  down the a x i s  of the az.imuth pivot,  where  a l e n s  p r o j e c t s  

it ( s t i l l  rotating with the az imuth  gimbal) a c r o s s  to a r e c e i v e r  on the inner  

wal l  of the systeni  enc losure .  

between what i s  \Tiewed on the television s y s t e m  and what the r e c e i v e r  is 

viewing. 

and  only sol id ,  non-adjustable p a r t s  a r e  depended upon to maintain c o r r e i a t i o n  

between what it v iews and what the rece iver  views. It would be poss ib le  to le t  

s o m e  of the light f r o m  the beacon go to this  f i b e r  optic bundle SO that  the 

beacon could readi ly  be seen visually;  however ,  enough beacon light wiil  p a s s  

that the beacon c a n  be s e e n  when it is on the night hemisphere  of the e a r t h ,  

It i s  thereby possible  to ver i fy  the re la t ion  

The f iber  optic bundle is  located v e r y  c lose  to the r e c e i v e r  focus 



and that  should be adequate .  

f e a t u r e s  wil l  suff ice .  It will  be possible to view with the nutation d r ive  stopped, 

and  that  would be bes t  f o r  checking focus ,  but i t  wi l l  a l s o  be poss ib le  to remove  

the effect  of nutation ( for  viewing) simply by introducing a compensat ing 

nutation. 

with the type of viewing employed he re  they m a y  be p rac t i ca l ly  invisible anyway. 

The image  fo r  the r e c e i v e r  falls on a t r ansmiss ion - re f l ec t ion -abso rp t ion  

During the day identification of geographic  

Th i s  wil l  a l s o  b lur  out the m o s a i c  of fibers in the bundle,  although 

r e t i c l e  pa t t e rn .  

by a - c l e a r  a r e a  which, in tu rn ,  is sur rounded by a black,  opaque m a s k .  The 

l ight re f lec ted  f r o m  the spot falls on one  de tec tor  and that t r a n s m i t t e d  by the 

c l e a r  a r e a  falls on another .  

to  dis t inguish  them f r o m  other  light s o u r c e s  on e a r t h .  

de tec ted ,  and then the difference in the de t ec to r  s igna ls  a t  the nutation f r e -  

quency r e p r e s e n t s  the t racking  e r ror ;  if  t he re  is  no e r r o r ,  the image  m o v e s  

a round  the edge of the a luminized  disk.  

d i rec t ion  of the e r r o r .  

synchronized with the nutation dr ive ,  o r  it m a y  be mixed  with e l ec t ron ic  s igna ls  

r e l a t ed  to  a nonrotat ional  nutation dr ive  as  s ine and cos ine  of the phase  angle  

of the d isp lacement  with r e s p e c t  to one of the r e f e r e n c e  a x e s .  

the two de tec tor  s igna ls  c a r r i e s  the voice a n d / o r  o the r  c o m m a n d  information.  

Note that  un le s s  t racking  d is turbances  a r e  s e r i o u s  a n d / o r  beacon s2gnals a r e  

weak ,  one de tec tor  s u f f i c e s  f o r  both outputs ;  i.  e . ,  when e r r o r s  a r e  small and 

noise  i s  not a problem each  detector  would give half the outpuf s igna l  when 

The s imples t  such  pa t t e rns  have a n  a luminized  spot  sur rounded 

The beacon s igna ls  have a high-frequency c a r r i e r  

This  c a r r i e r  i s  f i r s t  

The phase  of the s ignal  t e l l s  the 

The e r r o r  s ignal  may be p a s s e d  through a r e s o l v e r  

The sum of 

c o m p a r e d  with ze ro .  

E a c h  phototube h a s  a narrow-band in t e r f e rence  f i l t e r  p laced  o v e r  it.  

These  f i l t e r s  m u s t  be approximately perpendicular  to the b e a m  they a r e  to  

f i l t e r .  

is not toublesome,  but the angle a t  the dichroic  m i r r o r  sending l ight to  the 

f i b e r  optic bundle i s  too g r e a t  to allow f i l te r ing  an  f / l O O  b e a m  t h e r e .  

f o r  the doubling of the number  of narrow-band f i l t e r s  ac tua l ly  needed ,  the 

a r r a n g e m e n t  i s  not wasteful  because secondary  f i l t e r s  a r e  a lways  needed 

with nar row-band f i l t e r s  t o  r emove  secondary  t r a n s m i s s i o n  m a x i m a .  

band f i l t e r s  m u s t  a l s o  be control led in t e m p e r a t u r e .  

would probably be the bes t  approach  to  th i s  r equ i r emen t .  

The divergence of the f/100 b e a m  p r e s e n t  a t  t h i s  point in the s y s t e m  

Except  

Narrow: 

A P e l t i e r  hea t e r - coo le r  

Another  possibi l i ty  
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i s  to  r eco l l ima te  the b e a m  S O  tha t  a s l ight  angular  deviatior. i s  p e r m i s s i b l e  

and then to  t i l t  the f i l t e r ,  t he reby  producing a wavelength shift  to  offset  that  

caused  by t e m p e r a t u r e  change. 

4. 5 The L a s e r  

If the t r a n s m i s s i o n  of a supposedly r a n d o m  (spa t ia l ly  and t empora l ly )  

p ic ture  a t  r egu la r  te lev is ion  r a t e s  f o r  a d i s t ance  of 5 x l o 7  naut ica l  m i l e s  is  

r equ i r ed ,  we find that  no present -day  l a s e r  i s  adequate .  

r a t e  i s  reduced  by a fac tor  of five by taking advantage of the redundancy no rma l ly  

p re sen t  in a te lev is ion  p i c tu re ,  there  i s  s t i l l  no "off the  she l f"  l a s e r  for  th i s  

task .  

Even when the da t a  

F o r  the des ign  examp!e it will be m o s t  f rui t ful  t o  cons ider  the e l e c t r o -  

luminescent  diode l a s e r  ope ra t ed  in a pulse  posit ion modulation s y s t e m .  If 

we a s s u m e  l a s e r  p e r f c r m a n c e  a t  0 . 6 3  v approximate ly  equivalent tc that  

obtained a t  0. 85 V ,  and tha t  f ive nanosecond pulses  a t  2 x !06 pe r  second a r e  

avai lable  ar,d can  be de tec ted  efficiently, a des i r ab ly  low-power s y s t e m  can  

be hypothesized.  S ince  none of the supposit ions appea r  to  be ve ry  far  f r o m  

p r e s e n t  deve lopments ,  and s ince  al ternat ive l a s e r s  may  well  be developed,  th i s  

s e e m s  a r easonab le  way to  proceed  toward the d e s i r e d  s y s t e m .  The pulse  

posit ion modulation s y s t e m  i s  theoret ical ly  a ve ry  efficient type of modulat ion,  

and the e l ec t ro luminescen t  diodes a r e  theore t ica l ly  capable  of high e f f ic iency .  

. 

Because  of i t s  no rma l ly  elongated shape ,  the l a s e r  i s  ini t ia l ly  co l l imated  

by c r o s s e d  cy l indr ica l  l e n s e s ,  one placed c lose  to the l a s e r  to  f o r m  a magnified 

image  and the o ther  placed c lose  to the image  to  f o r m  a minified image  at  the 

s a m e  focus s o  that the appa ren t  c r o s s  sec t ion  of the e m i t t e r  i s  s t r e t ched  i n  

one d i r ec t ion  and c o m p r e s s e d  in the o the r .  

fol lows:  

angle)  ad jus tment  may readi ly  be made. 

depends on how closely the diode l a s e r s  approach  the diffract ion l imi t .  

p r e s e n t  devices  this  would cor respond to  a 0. 1 degree  by 20 d e g r e e  b e a m ,  

approximate ly .  

A n o r m a l  r e l ay  Lens s v s t e m  

It i s  divided into two pa r t s  s o  that  focus and bores ight  ;inc!.udir.g lead-  

The feasibi l i ty  of th i s  col l imat jon 

F o r  

The chief  disadvantage of the diode l a s e r s  i s  that  they probably w i l l  

have to be cooled. However,  in spite of t h i s ,  t he i r  over  -a l l  efficiep.cv 

(including cooling power)  wil l  s t i l l  be good. 

will  de l ive r  10 wat ts  of cooling at 80 K. 

A 100-watt S t i r l ing-  cyc le  coo le r  
0 It would weigh o ~ l y  3 to  5 pollnds, 



including a pump to c i r cu la t e  a cooling fluid about the m a i n  g imba l  f o r  

rcn iova l  of i t s  gene ra t ed  heat .  Radiation f r o m  the  m a i n  g imbal  i tself  

uou ld  b e  adequate  to  d i s s ipa t e  this  and a l l  o ther  power d iss ipa t ions .  

($fficicncy of the l a s e r  i s  quite impor tan t  t o  the cooling s y s t e m  des ign  because  

power  d iss ipa ted  iii l o s s e s  in the l a se r  m u s t  be r e m o v e d  as hea t  by the cooling 

The  

s y s t e m .  

Aiioiliei; impor i an t  a spec t  of t h e  diode i a s e r s  is that  e a c h  e l e c t r o n  

pass ing  through t h e m  p roduces  a t  m o s t  one photon in  the output. 

va lues  f o r  the c h a r g e  of the e lec t ron  and the ene rgy  of a photon of 0. 6 3 -  

light i t  m a y  then be shown that  the diode e m i t s  a t  m o s t  two wat t s  p e r  a m p e r e .  

T h e r e f o r e ,  if high peak  powers  a r e  r e q u i r e d ,  i t  m u s t  be poss ib l e  to  d r a w  

high pvak c u r r e n t s .  S ince  ohmic l o s s e s  i n c r e a s e  as the s q u a r e  of the c u r r e n t  

but t h e  light output i n c r e a s e s  only l inear ly ,  the a v e r a g e  power Limit probably 

w j  11 be lower for low -duty-cyc le ,  high-peak-power ope ra t ion  than for  continuous 

opt , ra t ion,  although l a s e r  act ion i s  m o r e  r ead i ly  achieved  in  pulsed opera t ion ,  

The t i m e  reso lu t ion  of conventional mu l t ip l i e r  phototubes i s  indadeuate  

for  thc s t a n d a r d  d a t a  r a t e  P P M  s y s t e m ,  and is  m a r g i n a l  a t  the reduced  da ta  

r a t e  (one -fifth s t anda rd ) .  The c rossed - f i e ld  mul t ip l i e r  phototube has adequate  

time re so lu t ion  but i s  probably slightly infer ior  in  effect ive quantum ef f ic iency  

b t rca ise  of the a - c  b i a s  employed. 

have adequate  gain to  avoid ampl i f ie r  no i se  for  v e r y  Los s igna l  levels .  

t l ic~re arc  thus s e v e r a l  dev ices  which a r e  a l m o s t  adequate ,  a phototube uf 

dd(Jqucite t i m e  reso lu t ion  and with no i se l e s s  ampl i f ica t ion  i s  hypothesized.  

Prt!sf.>nt-dd)- dev ices  a r e  probably not def ic ient  by m o r e  than  a f ac to r  uf two, 

From the 

The t rave l ing-wave  phototube does not 

S ince  

a n d  i f  the da ta  r a t e  i s  even  fu r the r  reduced  the v i r tua l ly  idea l  p e r f o r m a n c e  

of t h v  rriultiplier phototube m a y  be  fu l ly  r ea l i zed .  Unless  t i m e  reso lu t ion  i s  

cidt,quate t u  t r a n s m i t  pu l se s  without s m e a r i n g ,  peak pulse  power is  d iminished  

and m o r e  s igna l  power i s  r equ i r ed .  

It should be noted that  the bandwidth d e s i r e d  for  P P M  i s  approximate ly  

fou r t een  t i m e s  that  r e q u i r e d  fo r  P C M ;  however ,  i f  bandwidth capabi l i ty  i s  

not ava i lab le  f o r  P P M ,  it is only n e c e s s a r y  to  t r a n s m i t  a s l ight ly  s t r o n g e r  

s igna l ,  because  the t i m e  of a r r i v a l  of the leading edge of the pu l se  can  be 

de tec ted  to within a s m a l l  f r a c t i o n  of the  pulse  dura t ion .  It would be poss ib l e ,  



and qui te  in format ive ,  t o  c o m p a r e  PCM and P P M  for  s y s t e m s  of equal  band- 

width. In f ac t ,  the  PCM s y s t e m  pe r fo rmance  could theore t ica l ly  be improved  

by t r ansmi t t i ng  the pu l ses  in a s h o r t  b u r s t  a t  the beginning of the s a m p l e  

pe r iod ,  although this  is imprac t i ca l  for  a continuous l a s e r .  The P P M  s y s t e m  ' 

calculat ions w e r e  r e s t r i c t e d  t o  bandwidths such  tha t  the pulse  dura t ion  equals  

the t i m e  reso lu t ion  m e r e l y  to  l imi t  the number  of c a s e s  to be cons idered .  

Studies  including d i f fe ren t  pulse  dura t ions  and r e a l i s t i c  pulse  wavefo rms  

m u s t  be under taken  l a t e r  t o  complete  the understanding of this  s y s t e m .  

F r o m  a s y s t e m  aspec t  the continuous l a s e r  P C M  s y s t e m  i s  m o s t  

nea r ly  avai lable .  

is d e s i r e d ;  if the d e s i r e d  power output w e r e  to  be obtained a t  p r e s e n t  

e f f ic iency  it would be too difficult  to supply and r e m o v e  the e x c e s s  power.  

The hope of making such  a technological advance m a k e s  th i s  approach  

wor th  pursu ing  a l so .  

However,  a factor  of 1000 improvemen t  in l a s e r  eff ic iency 
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5 . 0  SYSTEM PERFORMANCE CHARACTERISTICS 

In this  sec t ion  those  c h a r a c t e r i s t i c s  of the s y s t e m  which d e t e r m i n e  the 

power r e q u i r e m e n t s  of the t r ansmi t t ed  beam a r e  p r e s e n t e d ,  and then th i s  

power is computed f o r  s e v e r a l  c a s e s .  F o r  a m i s s i o n  to M a r s ,  night t ime 

recept ion  would be the ru l e ,  whereas  f o r  a m i s s i o n  to Venus dayt ime r e c e p -  

t ion  woilld he m o r e  common. The developments of l a s e r s  and de tec tors  and  

the e s t ab l i shmen t  of a p a r t i c u l a r  mi s s ion  will  provide data  which m a y  be 

used  with ca lcu la t ions  of the type p resen ted  h e r e  to d e t e r m i n e  the opt imum 

type of s y s t e m  and  i t s  c h a r a c t e r i s t i c s .  

5.1 In t e r f e r ing  Radiation 

The m a j o r  s o u r c e  of in te r fe r ing  rad ia t ion  i s  the dayt ime sky. M e a s u r e -  

ments"  of sky rad iance  f r o m  the visible region ( 0. 5~ through 2011.) have been 

combined with the known s h o r t  wavelength l imi t  of s o l a r  rad ia t ion  and con-  

v e r t e d  to photon flux to provide a complete  s p e c t r u m  ( F i g u r e  19) of photon 

r ad iance .  

s p e c t r a  taken a t  12,000 f t .  elevation. 

0. 63'1,, conver ted  to  a n  e leva t ion  of about  2000 f t . ,  g ives  a s p e c t r a l  photon 
-1 -2 -1 - 

r ad iance  of 10l6 photons s e c  c m  s t e r  !I. '. F r o m  the known s t e l l a r  

magni tude and  d i a m e t e r  of M a r s  a t  opposi t ion,  the co r re spond ing  f igu re  f o r  

the s u r f a c e  of t ha tp l ane t  i s  found t o  be 5 x 1015 photons s e c  

The n e a r - i n f r a r e d  data  r e p r e s e n t  the h ighes t  rad iance  among  four  

The s p e c t r a l  r ad iance  indicated a t  

-1 2 -1 -1 
11, . c m  s t e r  

5 . 2  P e r f o r m a n c e  Calculat ions 

The two i t e m s  of chief concern  a r e  the d -c  noise  c u r r e n t  due to the 

detect ion of sky light and  the at tenuat ion expe r i enced  by t h e  l a s e r  b e a m  in 

the t r a n s m i s s i o n  and  detect ion p r o c e s s .  The impor t an t  p a r a m e t e r s  a r e  N ,  

~ -~ ~~ 

10. p. T .  Vanderhe i  and B. J .  Taylor ,  "Spec t ra l  Ground and  Sky Backgrounds"  
and  E.  Bell ,  e t  a l ,  "The Spec t ra l  Radiance of the Sky in  the Colorado 
Spr ings  A r e a ,  
Measur ing  P r o g r a m  1956, ed.  by M. R. Nagel,  Geophys ics  R e s e a r c h  
D i r e c t o r a t e ,  A F  Combridge R e s e a r c h  Labora to r i e s ,  A i r  F o r c e  Re s e a r c h  
Divis ion,  USAF, Bedford,  Massachuse t t s .  

i n  Background M e a s u r e m e n t s  During the I n f r a r e d  
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the noise  photoelectron count p e r  sample pe r iod ,  and So, the s ignal  

photoelectron count p e r  sample per iod .  The. key  equat ions a r e  

and 

2 T  T T T q T  - d R T A R S  
pT 

- 
€7; R2 (hc /X)  

where  hc/X i s  the ene rgy  of a photon, PT is the a v e r a g e  power  output of 

the laser,  and the o the r  symbols  a r e  defined i n  Table 11. The t e r m  TA i n  

the f o r m u l a  for N i s  omit ted when the in t e r f e rence  i s  due to  sky l ight but 

when the in t e r f e rence  i s  due to the radiat ion f r o m  a p lane t  o r  s t a r  it m u s t  

be included. 

Seve ra l  d i f f e ren t  va lues  of N m a y  be ca lcu la ted ,  one f o r  ea'ch a p p r o -  

p r i a t e  combination of the d i f fe ren t  values  of 0 T , and  Q ( X )  given in 

Table 11. 

obtained f r o m  F i g u r e s  11 and 13, and hence values  of PT may be de te rmined .  

The r e s u l t s  a r e  p re sen ted  in Table 111. 

reduced  data r a t e  and P P M .  The requi red  powers ,  11.4 w, 7.4 w ,  and 4 . 0  w 

f o r  the va r ious  conditions,  c a n  be obtained in th i s  p a r t i c u l a r  configuration 

only if l a s e r  eff ic iencies  a r e  approximately 0 .  53,  0 . 4 3  and 0. 29 respec t ive ly  

because  of the l imited cooling capaci ty  (10  w)  hypothesized.  

e f f ic iency  cannot be obtained, the cooling s y s t e m  would have to be inc reased  

in capac i ty ,  and then i t  would probably be n e c e s s a r y  to  supply a hea t -  

t r a n s f e r  liqlTid ( e .  g.  , o i l )  to remove the cooling s y s t e m  heat. output fi-om . 

the  te lescope  because  radiat ive cooling wor ld  no longer  be adequate .  F u r t h e r  

reduct ion in data  r a t e ,  however ,  may reduce  power t r a n s m i s s  on i -equirements  

and hence obviate the need f o r  such addi t ional  cooling. 

R' B 
F o r  each  of the types of s igna l  p rocess ing  a value of S m a y  be 0 

The design example  is based  on the 

If such 
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Table 11. P a r a m e t e r  Values f o r  the DVS-Earth Communication Link 

Pa ram e t  e r Symbol Value 

12 Distance R 9 . 3  x 10 c m  

T r a n s m i t t e r  b e a m  d iame te r  @T 5 x 10-6rad 

Rece iver  f ie ld  d i ame te r  

Daytime 

Nighttime 

eR 

2 .  5 x 10-5rad 

Rece iver  a p e r t u r e  d i ame te r  

Rece iver  opt ical  f i l t e r  noise  bandwidth 

T r a n s m i t t e r  optical  t ransmi t tance  

Atmospher ic  opt ical  t ransmi t tance  

Re ce iv  e r optic a1 t r a n  s m  it tanc e 

Atmospher ic  scint i l la t ion fac tor  

Rece iver  phototube quantum efficiency 

Sample per iod  

Standard data r a t e  

r d 

‘1 

Reduced data  r a t e  

Spec t r a l  photon radiance 

Daytime sky 

P l a n e t  M a r s  

Nighttime Sky 

Signal photoelectrons p e r  s ample  per iod 

Standard data r a t e  

Reduced data r a t e  

E r r o r  r a t e  ( approx . ,  p e r  sample)  

300 c m  

0. a 5  

0. 75  

0. 60 

0 . 9 0  

0. 05 

10-’sec. 

5 x 10 sec  -7 

16 photons 
2 10 

s e c  c m  s r u  

so ‘ 

RE 

15 photons 
2 5x10 

s e c  c m  sru 

7 0  . P  hotons 
2 s e c  c m  s r  p 



Table 111. Photoe lec t ron  Counts and Required T r a n s m i t t e r  Average  P o w e r  
_ _  ~ 

Ci r cum s tance  s 

Reduced data  r a t e  

Daytime sky - 
P P M  

Pol.  PCM e 

Nighttime, M a r s  

P P M  

P o l .  P C M  

Nighttime sky 

P P M  

P o l .  P C M  

Standard data  r a t e  

Dayt ime sky  

P P M  

Pol. P C M  

Night t ime,  M a r s  

P P M  

Pol. P C M  

Nighttime sky 

P P M  

Pol. P C M  

N 

7 5  

13 

98 

2 

8 . 4  

48 

0 

4 . 6  

41 

15 

10 

64 

0 . 4  

. 6 .  7 

43 

0 .  

4 .  6 

41 

P (wat t s )  T 

1 1 . 4  

2 5  

7 . 4  

:2  

. I .  c 

36 

. I  

L A  
-(. 

2.. 92 

30 

190 

2 0  

180 



Note that a n  a v e r a g e  power of 11.4 u' f o r  the P P M  s y s t e m  impl ies  a n  

a v e r a g e  diode l a s e r  c u r r e n t  of a t  l e a s t  5 . 7  a . ,  and hence a peak c u r r e n t  

value of approximate ly  600 a .  

diode l a s e r  p r a c t i c e ,  but do p r e s e n t  bo thersome p r o b l e m s  in appl icat ion to 

cooled devices  and also in high-speed switching c i r c u i t r y .  

Such c u r r e n t s  a r e  not inconsis tent  with p r e s e n t  

5. 3 S u m m a r v  of Theore t ica l  Stxdies 

E a r l i e r  in t h s  study the question of the d e p a r t u r e  of laser s igna ls  

f r o m  P o i s s o n  s t a t i s t i c s  w a s  studiisd, and  i t  was decided that probably no 

impor tan t  d e p a r t u r e  f r o m  the . l ass ica l  P o i s s o n  s ta t i s t ics  o c c u r s  f o r  the low 

signal  l e v e l s  expected a t  de tcc  tion. 

contention. 

o s c i l l a t o r  f o r  heterodyne detect ion,  in which fluctuations a s  small as  one 
8 p a r t  in 10 

The dynamica l  f luctuations of the ord inary  ruby l a s e r  a r e  a different  m a t t e r ;  

these  would probably have to be s u p p r e s s e d .  

the s o r t  of a n a l y s i s  p r e s e n t e d  in this r e p o r t  i s  valid,  and  m o r e o v e r  that 

Jones '  a n a l y s i s  

11 
The work of Glauber  suppor ts  this  

It i s  probably only in a spec ia l  application such as  the loca l  

would be t roublesome,  that these e x c e s s  fluctuations a r e  observed .  

I t  w a s  t h e r e f o r e  de te rmined  that 

7 h a s  g r e a t e r  applicabili ty than he c la imed f o r  it. 

It was  next de te rmined  that many of the pecul ia r  r e s u l t s  presented  in 

the l i t e r a t u r e  w e r e  due to fa i lure  on the p a r t  of many a u t h o r s  to r e a l i z e  that 

a t tenuat ion of a beam of light i s  a random p r o c e s s  occuring ( o r d i n a r i l y )  one 

photon a t  a t ime a n d  hence a Poisson  dis t r ibut ion of photons ( o r  photoelectrons)  

i s  a lways  the resc1i.t of g r e a t l y  attenuating a s teady beam of light. 

c a n  be der ived  f r o m  g e n e r a l  formulae" for amplif icat ion and attenuation of 

radiat ion.  It i s  a l s o  readi ly  understood a s  a par t i t ion  noise . NO m e a n s  of 

detect ion can  avoid the noise  due to th i s  fluctuation. P a r t i t i o n  c r e a t e s  phase 

f luctuat ions as wc 11 as  ampli tude fluctuations 

This  r e s u l t  

13 
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I ... 

A f t e r  es tabl ishing th i s  f i r m  b a s i s  fo r  ana lys i s ,  the study of specif ic  

s y s t e m s  w a s  undertaken.  

those in which photon counts  w e r e  smal l  and hence Gauss ian  approximat ions  

were  not adequate .  

to f luctuat ions in the signa! i t se l f ,  eve= the concept of s igna l - to-noise  r a t io  

is  not very  useful .  

using t a b l e s  of the  Toisson dist r ibut ion were  f e t id  to be best; signa!, ncise, 

and threshold  va lues  w e r e  r e l a t ed  by ca lcu la t ions  s i m i l a r  to  those employed 

by J o n e s  , and two p romis ing  types of s ignal  p rocess ing  f o r  op t ica l  t r a n s -  

m i s s i o n  of information w e r e  evaluated. 

It w a s  found that  the m o s t  favorable  s y s t e m s  w e r e  

In c i r cums tances  in which the dominant  noise  i s  that  due 

Calculat ions based on d i r e c t  de te rmina t ion  of probabi l i t i es  

7 

5 *  4 Conclusions 

It has  been found that  television can  be t r ansmi t t ed  in r e a l  t ime f r o m  
7 a dis tance  of 5 x 10 

components  having pe r fo rmance  not far beyond that which is avai lable  .today. 

The s y s t e m  configuration depends upon the re la t ive  p r o g r e s s  of v a r i o u s  a r e a s  

of technology. The study to  date  is  not comprehens ive  in that  not all poss ib le  

va r i a t ions  of p a r a m e t e r s  have been ana lyzed;  however ,  the gene ra l  f e a t u r e s  

of in t e rp l ane ta ry  opt ical  communicat ion s y s t e m s  of the fu ture  a r e  r ep resen ted  

in the des igns  p re sen ted  in th i s  repor t .  

naut ical  m i l e s  by a hypothetical  s y s t e m  employing 

7 2  


